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FOREWORD 


This  Handbook  is  a  revision  of  the  Telpemetry  Transducer 
Handbook  originally  prepared  by  Radiation  Incorporated  under 
U.  S.  Air  Force  Contract  No.  AF  33(61 6)-7466.  The  updating 
and  expansion  effort  has  been  performed  under  U.  S.  Air  Force 
Contract  No.  AF  33  ^6l6)-_8309.  for  the  Aeronautical  Systems 
Division,  Air  Force  Systems  Command.  The  Air  Force  Project 
and  Task  numbers  are  4107  and  410719,  respectively.  The  work 
v/as  performed  under  cognizance  o*  the  Flight  Control  Laboratory 
ASRMC -42  and  the  Air  Force  Project  Engineer,  Mr.  Paul 
Polishuk. 


The  draft  of  the  original  handbook  was  prepared  during 
the  seven-month  period  of  30  June  I960  to  31  January  1961. 

Changes  and  final  preparation  of  the  reproducible  copy  were  per¬ 
formed  during  the  period  2C  March  to  28  April  1961  and  delivered 
to  the  Air  Force  in  May  1961  for  printing  and  distribution. 

It  was  recognized  that  the  Handbook  could  be  improved  and 
maintained  current  by  continued  efforts.  Work  was  started  in 
May  1961  to  update  and  expand  the  Handbook  by  revising  Volume  I 
and  adding  supplement  material  to  Volume  II. 

Volume  I  Revision  contains  a  completely  rewritten 
Section  I,  Telemetry  Systems,  resulting  from  a  review  of  the 
original  Section  I  by  Dr.  L.  L.  Rauch  and  the  rewriting  by  Mr. 

Dan  McRae.  Both  are  associated  with  the  Advanced  Planning 
Group  at  Radiation  Incorporated.  Material  was  added  to  Section  II, 
Fundamentals  to  include  acceleration,  temperature,  vibration,  thrust 
and  bio-instrumentation.  Section  III,  Applications,  was  expanded 
with  information  on  satellite  and  space  probe  instrumentation. 

Section  IV  on  Transducer  Calibration  and  Test  Techniques  has 
additional  data  on  particular  test  and  calibration  methods  as  sug¬ 
gested  from  manufacturers  bulletins  and  NBS  reports.  A  list  of 
NBS  reports  and  other  references  are  given  pertaining  to  detailed 
evaluation  procedures.  It  has  been  difficult  to  obtain  handbook 
type  data  to  present  standardized  methods  of  approach  in  this  area. 
Facilities  available  for  instrument  calibration  and  test  are  listed 
ill  Section  V  as  received  from  solicited  organizations.  A  numerical 


*  This  revision  supersedes  Volume  I  of  W  ADD- TP  -  6l  -  67  dated  July  l96l. 

♦♦Presently  designated  Flight  Control  Division  of  the  AF  Flight  Dynamics 
Laboratory. 
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listing  of  references  is  included  in  Section  VI  and  a  compre  ¬ 
hensive  Bibliography  with  indexing  constitute  Section  VII, 

Section  VIII,  Appendixes,  contains  miscellaneous  material, 
details,  and  derivations  pertaining  to  material  in  Sections  I, 
n.  III,  and  IV. 

The  updating  and  expa.nsion  of  Volume  II  of  the  handbook 
have  been  accomplished  through  the  preparation  of  three  separate 
supplements,  presenting  new'  material  for  insertion  in  the  orig¬ 
inal  Volume  II.  Supplement  1  contained  100  additional  transducer 
data  'sheets,  a  revised  manufacturer's  listing  and  additional 
transducer  research  and  development  information.  The  final 
reproducible  copy  of  Supplement  1  was  delivered  to  the  Air 
Force  in  December  1961.  A  second  supplement  was  completed 
and  delivered  to  the  Air  Force  in  March  1962  containing  99  addi¬ 
tional  data  sheets,  revised  manufacturer's  listing  and  further 
R  &  D  listings,  plus  an  index  to  the  original  Volume  II  and 
Supplement  1  data  sheets.  Supplement  3  io  being  delivered  at 
the  same  time  as  the  completed  revision  of  Volume  I,  in 
May  1962. 

Writing,  compilation,  and  editing  of  the  original  Volume  I 
was  performed  by  C.  O.  Alford,  L.  i  auer,  J.  T,  Conklin, 

R.  H.  Dimond,  G.  D.  Falcon,  H.  C.  May,  L.  F.  O'Kelley  and 
L  C:  Thompson.  The  bulk  of  the  typing  was  done  by  Mrs.  Jeanette 
Thomas.  Art  work  and  other  preparation  of  reproducible  copy 
was  done  by  R.  K.  Hoefler,  E,  H.  Hurlsbaus,  L.  C.  Newman, 
and  R.  A.  Norris.  The  major  portion  of  proof  reading  was  per¬ 
formed  by  3.  L.  Adams.  L.  F.  O' Kelley  was  the  Project  Engineer, 

The  revision  of  the  handbook  has  been  performed  in  the 
Data  Systems  Division  at  Radiation  Incorporated  by  Mr.  H.  F. 
Fisher,  Jr.  ,  Project  Engineer.  Mrs.  R,  E.  French  and  Miss 
Donna  Valentine  have  been  responsible  for  the  typing,  handling 
of  correspcndeii ce,  and  n"iaiitLaiiiing  xecoi'os  anu  liies  pertaining 
to  the  Handbook  revision.  The  art  work  and  preparation  of 
reproducible  material  and  draft  copies  have  been  done  by  Mr, 

G.  E.  Roberts  and  the  publications  department  at  Radiation. 

Neither  Radiation  Incorporated  nor  the  U.  S.  Government 
in  any  way  endorses  the  products  or  services  described  in  this 
Handbook,  or  condemn  any  such  that  are  omitted.  In  addition 
the  expression  of  opinions,  implied  or  otherwise,  contained 
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herein,  arc  not  necessarily  those  of  Radiation  Incorporated 
or  the  U.  S.  Government. 
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ABSTRACT 


As  ^  result  of  studies  conducted  by  tli4  Air  Force  a/fd  ] 

ot'he/s  it  became  apparent  tb^t  there  was  need  for  /  comprt^- 
hensive  collection  of  data  on  telemetry  transducers.  THu 
Telemetry  Transducer  Handbook  hj^s  be«^n  prepared  in  effort 
to  present  iiiformation  and  data  useful  to  transducer  user. 
iTl^te  material  ha^s  be^n  prepared  in  two  volumes  with  general 
linstrunientation  information  in  Volume  I  and  detailed  transducer 
Ispecification  data  in  Volume  II. 


Volume  I  consists  of  technical  information  on  telemetry 
systems,  transducer  fundamentals,  applications,  testing  and 
calibration  techniques  and  facilities.  Volume  II  consists  of 
listing  of  transducer  manufacturers,  complete  data  (with  photo¬ 
graphs  and  outline  drawings)  on  several  hundred  transducers 
(over  700  with  Supplements  1,  2,  and  3),  descriptions  of  transducer 
1  research  and  development  programs  and  an  index  to  the  instrument 
data  sheets  . 


Section  I  of  Volume  I  discusses  in  detail  the  characteristics 
of  the  transmis.sion  .system  and  its  relation  to  transducers  and 
telemetry  systems.  References  1  through  119  pertain  to  Section  1 
discussion  offering  a  guide  to  more  specialized  investigation  of 
the  many  aspects  of  telemetry  systems.  Section  II  covers  the 
^fundamentals  involved  in  various  physical  measurements  and  how 
these  fundamentals  are  employed  in  the  general  design  of  transducers. 
Measurements  of  displacement,  strain,  pressure,  fluid  flow,  rotary 
speed,  fuel  quantity,  ac  power,  acceleration,  temperature,  shock 
and  vibration  and  thrust  are  discussed.  Section  III  offers  general 
information  and  examples  in  the  application  of  telemetry  transducers. 
Testing  and  calibration  techniques  and  facilities  available  are  present¬ 
ed  in  Sections  IV  and  V,  A  list  of  performance  reports  available 
from  NBS  offers  some  evaluation  information  on  telemetry  transducers. 
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The  List  of  References,  Section  VI,  groups  all  references 
cited  in  Sections  I  -  V  in  the  numerical  order  of  their  appearance 
in  the  text.  An  extensive  bibliography  is  presented  in  Section  VII. 
There  are  835  listings.  An  index  to  the  bibliography  is  also  included 
Appendix  material  is  included  in  Section  VIII.  There  is  a  glossary 
of  terms,  IRIG  Telemetry  Standards  definitions  of  many  basic 
physical  effects  and  principles  related  to  transducer  design,  and 
detailed  data  on  acceleration,  temperature  and  thrust  measurement 
fundamentals . 

The  Table  of  Contents  in  Volume  I  also  includes  Volume  II  Con 
tents.  This  includes  all  material  in  the  original  Volume  II  plus 
Supplements  1,  Z,  and  3. 

PUBLICATION  REVIEW 

The  publication  of  this  report  does  not  constitute  approval  by 
the  Air  Force  of  the  findings  or  conclusions  contained  herein.  It 
is  published  only  for  the  exchange  and  stimulation  of  ideas  . 

FOR  THE  COMMANDER; 


H.  W.  tiASHAM 
Chief,  Control  Elements 


Research  Branch 
Flight  Control  Laboratory 
Directorate  of  Aeromechanics 
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SECTION  I 


TELEMETRY  SYSTEMS 

1-1  INTRODUCTION 

The  word  "telemeter"  is  derived  from  the  Greek  words 
"tele"  which  means  "far"  and  "metron"  which  means  "measure." 

Thus  telemetry  is  the  art  of  measuring  from  afar. 

Although  almost  any  measurement  apparatus  or  communi¬ 
cation  system  might  be  called  a  telemetry  system  dependent  upon 
ones  interpretation  of  "measure"  and  "far,  "  this  section  is  concerned 
principally  with  telemetry  systems  used  to  monitor  parameters 
associated  with  aircraft,  missiles,  and  space  vehicles.  At  least 
to  date,  the  bulk  of  the  output  of  the  telemetering  industry  in  the 
United  States  is  used  in  this  connection.  Industrial  applications  such 
as  remote  monitoring  by  electrical  utility  and  oil  companies  and  other 
scientific  applications  such  as  oceanography,  hydrography,  and 
physiological  measurements  v/ill  be  discussed  briefly. 

The  telemetry  system  can  be  divided  functionally  into 
three  parts.  (Figure  1-1)  These  are: 

1)  The  transducers  -  which  are  located  at  the  remote 
station  and  transform  the  physical  quantities  to 

be  monitored  into  electrical  signals. 

2)  The  transmission  system  -  which  consists  of: 

a  device  for  transforming  the  electrical  signals 
from  the  transducers  into  one  suitable  for  trans¬ 
mission  to  the  receiving  station  (remote  processor); 
the  transmission  and  receiving  devices;  and  device 
for  transforming  the  output  of  the  receiver  to 
forms  suitable  for  display  and  interpretation  (receiving 
processor). 

3)  The  display  and  interpretation  system  -  which  consists 
of  the  devices  which  calculate  the  desired  parameter 
and  display  them  for  final  interpretation  by  automatic 
or  human  means. 

Manuscrijjt  released  by  author  May  1962  for  publication  as  a  WADD 
Technical  Report. 
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Figure  1-1  Functional  Diagram 
Z 


In  the  broadest  (and  most  realistic)  sense,  the  purpose 
of  the  telemetry  system  is  to  provide  data  in  such  a  form  that 
the  interpretation  of  this  data  will  lead  to  correct  decisions  con¬ 
cerning  the  remote  quantities  or  devices  which  are  monitored. 

Therefore,  the  transducer  must  be  considered  by  the  systems 
engineer  as  a  part  of  the  telemetry  system.  Of  equal  importance, 
the  transmission  system  must  be  considered  by  the  measurement 
engineer  as  a  part  of  the  measurement  device.  For  this  reason 
the  first  section  of  the  "Telemetry  Transducer  Handbook" 
will  be  devoted  to  a  general  discussion  of  the  transmission  sys¬ 
tem  and  its  relationship  to  the  over -all  measurement  problem. 

1-Z  SELECTION  OF  TRANSMISSION  SYSTEM  CHARACTERISTICS 

As  was  stated  in  the  preceding  paragraph,  the  purpose  of 
a  telemetry  system  is  to  monitor  remote  occurrences  so  that  correct 
decisions  can  be  made  concerziing  the  physical  quantities  or  devices 
associated  with  those  occurrences.  The  variety  of  measurement 
problems,  however,  have  thus  far  precluded  attempts  to  relate  in 
a  general  sense  the  characteristics  of  the  transmission  system 
with  the  ability  to  make  correct  decisions.  Therefore,  the  selection 
of  transmission  system  characteristics  has  usually  been  divided 
into  two  steps: 

1)  Selection  of  the  measurements  and  transducers; 
and  evaluation  of  the  characteristics  of  the  data 
which  may  be  expected  from  the  transducers  and 
the  accuracy  which  must  be  maintained  by  the 
transmission  system. 

2)  Selection  of  the  transmission  system  characteristics 
based  upon  cost  in  terms  of  power  consumption, 
spectral  occupancy,  size,  weight,  reliability  and 
dollars.  These  are  functions  of  the  data  charac¬ 
teristics  and  accuracies  required. 

As  can  be  imagined,  both  of  the  two  steps  mentioned 
above  are  quite  complex  involving  many  considerations  which  are 
special  to  the  particular  use  envisioned  for  the  telemetry  system. 
Therefore,  a  single  all  encompassing  equation  is  not  available 
which  allows  satisfactory  determination  of  system  parameters  in  a 


WADD  TR61-67 
VOL  I  REV  1 


3 


completely  straightforward  fashion.  Rather,  the  system  parameters 
must  be  chosen  on  the  basis  of  the  theoretical  relationships  between 
system  parameters  which  are  available  to  the  chooser,  upon  his 
knowledge  of  available  hardware,  and  upon  his  past  experience, 
after  thorough  consideration  has  been  given  to  the  purpose  of  the 
ever -all  telemetry  system.  This  is  true  whether  the  system  en¬ 
visioned  is  to  be  specialized  or  "general  purpose"  since  the  two 
differ  only  in  degree  of  specialization. 

There  has  been  much  analysis  done  in  the  area  of  relating 
the  required  transmitter  power,  the  spectral  occupancy,  the 
transmission  system  characteristics  (including  type  of  transmission 
system  and  adjustment  of  internal  parameters  within  the  system) 
and  the  accuracy  required  of  the  data  (Ret.  1  through  60  ). 

For  the  most  part  the  anah’ses  have  been  based  upon  idealistic 
assumptions  of  the  data  characteristics  (data  with  spectral 
characteristics  corresponding  to  band  limited  white  noise).  Ideal¬ 
ized  filter  characteristics  have  also  been  assumed  in  many  of  the 
analyses.  Although  these  analyses  have  necessarily  made  approx¬ 
imations  they  represent  an  important  tool  to  system  designers 
since  they  deal  with  some  of  the  most  definitive  and  complex 
relationships  involved  in  selection  of  system  parameters. 

It  is  not  feasible  to  present  transmission  system  analysis 
in  this  section  since  they  belong  more  properly  in  a  book  on  the 
subject.  Instead,  a  discussion  of  the  different  techniques  available 
to  the  telemetry  user  will  be  presented.  This  will  be  done  in  two 
steps.  The  first  part  will  describe  the  principle  of  operation  of 
the  various  techniques  and  discuss  from  a  general  point  of  view 
the  principal  considerations  involved  in  the  use  of  each  technique. 

The  second  part  will  discuss  specific  cases  of  past  applications 
of  the  techniques.  Throughout,  an  attempt  has  been  made  to  include 
sufficient  references  so  that  the  reader  with  more  specialized 
interest  can  investigate  his  problem  in  greater  depth  if  be  so  desires 
Due  to  the  large  number  of  references  used  in  this  section  the  ref¬ 
erences  are  collected  and  listed  numerically  in  bection  VI. 

1-3  TRANSMISSION  SYSTEM  FUNDAMENTALS 


Multiplexing 


In  most  telemetry  applications,  it  is  desired  to  perform 
a  number  of  different  measurements.  Although,  a  separate  trans¬ 
mission  link  could  be  used  for  each  measurement,  the  problems  of 
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cost  in  terms  of  power,  spectral  occupancy,  weight,  size  and 
dollars  normally  precludes  this  possibility.  Therefore,  it 
is  common  to  send  many  measurements  over  a  single  transmission 
link.  This  process  is  called  multiplexing. 

There  are  two  types  of  multiplexing  in  common 
\ise  today.  These  are: 

1)  Frequency  division  multiplexing 

2)  Time -division  multiplexing 

These  techniques  will  be  discussed  in  more  detail  below. 


The  basic  operation  of  a  frequency  division  multiplex 
system  is  illustrated  in  Figure  1-2,  The  measurement  signals 
from  the  transducers  are  used  to  modulate  "subcarrier"  oscillators 
tuned  to  different  frequencies.  The  outputs  of  the  subcarrier 
oscillators  are  then  linearly  summed  in  voltage  and  the  resulting 
composite  signal  used  to  modulate  the  prime  transmitter.  At  the 
receiving  site  the  composite  signal  is  obtained  from  the  receiver 
demodulator  and  fed  to  a  number  of  band-pass  filters  which  are 
tvined  to  the  center  frequencies  of  the  subcarrier  oscillators.  The 
outputs  of  these  filters  are  then  demodulated  to  obtain  the  individual 
measurement  signals.  Thus  in  frequency  division  multiplex  sys¬ 
tems,  the  individual  measurements  are  transmitted  in  such  a  form 
that  they  occupy  different  regions  of  the  video  or  baseband  frequency 
spectrum. 


All  types  of  modulation  can  be  used  for  both  the  subcarrier 
oscillators  and  the  prime  carrier;  that  is:  frequency  modulation 
(FM),  phase  modulation  (PM),  amplitude  modulation  (AM),  suppressed 
carrier  amplitude  modulation  (SC)  and  single  sideband  amplitude 
modulation  (SS).  Frequency  division  multiplex  systems  are  normally 
designated  by  listing  the  type  of  modulation  used  for  the  subcarriers 
followed  by  the  type  of  modulation  used  for  the  prime  carrier.  Thus 
FM/AM  would  indicate  a  frequency  division  multiplex  system  in 
which  the  subcarriers  are  frequency  modulated  by  the  measurement 
and  the  prime  carrier  is  amplitude  modulated  by  the  composite 
subcarrier  signals.  Almost  all  combinations  of  sub-  and  prime- 
carrier  modulation  techniques  have  been  used  in  the  past.  However, 
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FM/FM  is  by  far  the  most  common  technique  in  use  today. 

The  principal  sources  of  errors  in  a  frequency  division 
multiplex  transmission  system  are: 

1)  Drifts 

2)  Bandlimiting 

3)  Cross  Talk 

4)  Distortion 

5)  P.F  Link  Noise 

The  most  objectionable  drifts  are  those  associated 
with  modulation  and  demodulation  of  the  subcarriers.  If  the  drifts 
are  slow  their  effect  can  be  greatly  diminished  by  nse  of  calibration 
signals.  The  errors  due  to  drifts  are  not  fundamental  to  the  system 
and  hence  their  magnitude  depends  upon  the  ability  of  the  circuit 
designer.  For  the  purposes  of  this  report  errors  of  this  type  will 
be  called  systematic  errors. 

Errors  due  to  bandlimiting  occur  throughout  the  system 
wherever  the  data  is  dynamic  in  nature  (as  is  all  data  except  the 
trivial  case  of  dc).  The  amount  of  error  caused  by  bandlimiting 
is  a  direct  function  of  the  spectral  characteristics  of  the  data  and 
the  amount  of  spectrum  which  is  to  be  allocated  to  the  telemetry 
system.  Hence,  this  type  of  error  is  fundamental  to  the  system 
in  that  for  a  fixed  type  of  data  (non-ideal)  and  spectrum  allocation 
(finite)  the  error  cannot  be  eliminated  regardless  of  the  circuit 
design.  The  errors  due  to  bandlimiting  are  most  severe  when  the 
bandlimiting  takes  place  directly  on  the  data;  that  is:  prior  to 
modulation  or  after  demodulation  of  the  subcarrier.  Bandlimiting 
of  the  modulated  subcarrier  signals  either  in  the  subcarrier 
oscillators  or  in  the  band -pass  filters  at  the  receiving  station 
also  can  cause  objectionable  error  unless  care  is  taken.  The 
bandlimiting  of  the  modulated  prime  carrier  in  the  transmitter  or 
receiver  i-f  is  of  less  bother  but  cannot  be  ignored  completely.  In 
practical  systems  the  bandlimiting  errors  may  be  at  least  as  dependent 
on  the  phase  linearity  of  the  filters  involved  as  they  are  on  amplitude 
roll-off. 
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Cross-talk  errors  in  frequency  decision  multiplex 
systems  are  of  two  varieties,  one  which  is  systematic  and  one 
which  is  fundamental.  The  first  of  these  is  caused  by  non- 
linearities  in  the  summing  amplifier  prior  to  the  transmitter 
or  in  the  modulation  or  demodulation  process  of  the  prime 
carrier.  Non-linearities  at  these  points  in  the  system  cause 
production  of  frequency  components  in  the  video  or  base¬ 
band  spectrum  that  would  not  otherwise  be  present.  If  these 
additional  components  lie  in  a  frequency  range  which  is  passed 
by  the  band-pass  filters  at  the  receiving  station,  they  will  appear 
at  the  outputs  of  those  channels  as  errors.  Since  in  theory  no 
limit  exists  on  the  linearity  which  can  be  achieved,  these  errors 
are  systematic.  The  second  type  of  cross-talk  errors  are  those 
due  to  overlap  in  the  baseband  spectral  content  of  the  information 
channels.  Since  non-idealistic  data  spectra  contain  tails  which 
die  off  but  do  not  go  to  zero,  there  will  always  be  some  overlap 
which  passes  through  band-pass  filters  adjacent  in  frequency  and 
causes  error  in  those  channels.  The  amount  of  error  from  this 
source  is  dependent  upon  the  frequency  spacing  between  the  sub- 
carrier  channels  and  the  nature  of  the  data  and  hence  is  fundamental 
to  the  system. 

Distortion  error  is  error  due  to  non-linearities  in  the 
subcarricr  modulator  and  demodulator  (not  to  be  confused  with 
cross-talk  errors  due  to  non-linearities  in  the  prime  carrier 
modulator  and  demodulator).  As  in  the  case  of  drift,  errors  due 
to  distortion  at  this  poinc  in  the  system  can  be  alleviated  some¬ 
what  by  use  of  calibration  signals.  This  class  of  error  is  sys¬ 
tematic. 

The  RF  link  noise  causes  errors  which  are  random 
in  nature  but  are  fundamental  to  the  system  since  their  magnitude 
depends  upon  almost  all  of  the  transmission  system  parameters. 

The  principal  contributors  to  this  noise  are:  the  receiving  station 
front  end,  galactic  sources  and  man-made  interference. 

Although  the  sources  of  error  which  have  been  discussed 
should  normally  represent  the  principal  ones  of  the  frequency  division 
transmission  system,  others  can  be  of  significance  when  the  trans¬ 
ducer  outputs  are  low  level.  In  these  cases  amplifiers  are  normally 
used  between  the  transducers  and  the  subcarrier  modulator.  In  such 
cases  the  random  noise  contributed  by  the  first  stage  of  the  amplifier, 
errors  due  to  common  mode  signals  on  the  transducer  lines,  and 
errors  due  to  electrical  pickup  can  be  significant.  The  analytical 
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treatments  contained  in  references  1-23  deal  with  frequency  division 
systems. 

c  .  Time -Division  Multiplex  Systems 

The  operation  of  a  time-di-vdsion  multiplex  system 
from  a  functional  scandpoint  is  illustrated  in  Figure  1-3.  The 
signals  from  the  transducers  are  fed  to  a  commutating  device  which 
samples  the  channels  sequentially.  Thus,  the  output  of  the  commutator 
(also  referred  to  as  the  multiplexer)  is  a  series  of  pulses,  the  ampli¬ 
tudes  of  which  correspond  to  the  sampled  values  of  the  input  channels 
from  the  the  transducers.  This  train  of  pulses  is  then  passed  through 
a  device  which  converts  it  to  a  form  suitable  for  modulating  the  trans¬ 
mitter.  At  the  receiving  station  the  process  is  reversed.  The  de¬ 
modulated  output  from  the  receivers  is  passed  through  a  converter 
which  reproduces  the  pulse  train  that  existed  following  the  com¬ 
mutator  at  the  transmission  site.  This  pulse  train  can  then  be 
decommutated  to  produce  pulses  with  values  corresponding  to  samples 
of  the  original  measurement  signals.  In  many  cases,  interest  in  the 
value  of  the  measurement  cannot  be  guaranteed  to  coincide  with  time 
at  which  a  sample  is  available.  In  such  cases  it  is  then  necessary 
to  interpolate  in  some  fashion  between  samples.  The  interpolation 
process  may  also  be  used  to  produce  a  continuous  time  waveform 
from  the  sampled  values. 

As  was  the  case  in  frequency  division  systems  the  modulation 
of  the  transmitter  may  take  any  form,  that  is  AM,  FM,  PM,  etc. 
However,  the  principal  distinction  between  time -division  systems  lies 
in  the  form  of  the  converter.  In  this  regard  the  types  of  systems  can 
be  divided  into  two  broad  categories: 

1)  Analog  Systems 

2)  Digital  Systems 

The  analog  systems  are  those  in  which  the  output  of 
the  converter  varies  continuously  in  some  fashion,  or  in  other 
words  is  an  analog  of  the  input  voltage  to  the  converter.  In  the  digital 
systems,  however,  the  converter  is  capable  of  putting  out  only  a 
discrete  number  of  waveforms,  although  the  input  voltage  may  vary 
continuously.  Thus,  the  principal  distinction  between  analog  and 
digital  systems  lies  in  whether  the  modulation  waveform  can  be 
varied  continuously  in  some  fashion,  or  can  take  only  discrete  values. 

In  this  respect,  all  of  the  frequency  division  systems  discussed 
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Figure  1-3  Time  Division  Multiplexed  System 
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previously  are  considered  to  be  analog  systems.  Since  the 
properties  of  the  analog  and  digital  time -division  systems  are 
somev/hat  different  we  will  present  first  the  principle  of  operation 
of  the  major  analog  time  division  techniques  followed  by  a  dis¬ 
cussion  of  the  principal  sources  of  error  in  these  systems  and 
then  follow  with  a  similar  discussion  of  the  digital  time-division 
systems. 


(1)  Analog  Time -Division  Systems 

The  primary  analog  time -division  multiplexed 
systems  in  use  today  are: 

1)  Pulse  amplitude  modulation  (PAM) 

2)  Pulse  duration  or  width  modulation 

(PDM)  or  (PWM) 

3)  Pulse  position  or  time  modulation 

(PPM  or  PTM) 

As  has  been  mentioned  any  of  these  techniques 
can  be  used  to  modulate  the  prime  carrier  in  any  fashion.  The 
system  designation  normally'"  lists  the  type  of  converter  first 
followed  by  the  type  of  prime  carrier  modualtion.  That  is  FDM/PM 
would  be  a  pulse  duration  type  converter,  the  outpiat  of  which  is  used 
to  phase  modulate  the  prime  carrier, 

(a)  Pulse  Amplitude  Modulation  (PAM) 

A  pulse  amplitude  modulation  system  is  one 
in  which  the  output  of  the  commutator  is  used  directly  to  modulate 
the  prime  trar  iiaitter.  Thus  the  converter  is  simply  a  pair  of 
wires.  Hence  PAM  is  the  simplest  time-division  multiplex  system. 
Indeed  PAM  wavetrains  are  produced  as  the  first  step  in  virtually 
all  time -division  multiplex  systems- 

The  pulse  amplitude  wave  trains  may  take 
several  forms,  two  of  which  are  illustrated  in  Figure  1-4,  The 
principal  difference  lies  in  the  dutyf  cycle  system.  The  length  of 
time  necessary  to  sample  all  channels  is  normally  referred  to  as 
a  frame  time.  In  order  to  be  able  to  identifv  the  sample  at  the 
receiving  station  it  is  necessary  to  insert  frame  synchronization. 
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Several  different  methods  can  be  used  to  designate  frame.  The  one 
illustrated  iu  Figure  1-4  consists  of  forcing  several  consecutive  channels 
to  a  level  below  the  minimum  allowable  data  value.  Since  drifts  and  non- 
linearities  in  the  system  cause  error  directly,  it  is  also  common  to 
transmit  calibration  pulses  as  shown.  The  data  is  offset  in  such  a  fashion 
that  channels  witli  signal  outputs  which  are  capable  of  both  positive  and 
negative  polarities  are  centered  about  the  half  scale  value. 

Figure  l-4b  illustrates  a  50%  duty  cycle  PAM  wavetrain.  As 
in  the  case  of  the  100%  duty  cycle  wavetrain  the  frame  synchronization 
for  50%  duty  cycle  is  designated  by  several  consecutive  channels  returned 
to  a  reference  level  which  is  also  returned  to  this  level  during  half  of  each 
channel  time. 

The  50%  duty  cycle  wavetrain  has  been  used  to  a  greater  extent 
in  the  past  due  to  the  relative  ease  of  synchronizing  at  the  receiving 
station.  In  general  the  100%  duty  cycle  system  occupies  a  smaller  spec¬ 
trum  than  that  of  the  50%  duty  cycle  system.  Also  a  longer  time  period 
is  available  for  filters  in  the  system  to  reach  the  full  pulse  height.  How¬ 
ever,  the  dead  time  available  in  the  50%  duty  cycle  system  allows  the  use 
of  circuitry  to  dump  the  transients  in  the  storage  devices  of  the  video 
filter  hence  reducing  crosstalk  between  successive  channels. 

( b)  Pyylse  Duration  Modulation  (PPM) 

Pulse  duration  modulation  is  a  time-division  multiplexed 
technique  wherein  the  duration  of  pulses  is  varied  in  proportion  to  the 
modulation  signal.  The  pulse  train,  then,  consists  of  a  string  of  pulses 
with  different  widths  as  illustrated  in  Figure  1-5.  Guard  time  is  allowed 
at  both  the  beginning  and  the  end  of  each  pulse  to  reduce  tlie  difficulties 
associated  with  interchannel  crosstalk.  Since  the  information  is  carried 
in  terms  of  pulse  width,  drifts  and  non-linearities  in  the  system  do  not 
have  as  great  an  effect  upon  data  accuracy  as  they  do  in  an  equivalent 
FAM  system.  PDM  systems  are  analog  in  nature,  however,  since  the 
pulse  duration  is  varied  continuously  rather  discretely.  Thus  RF  link 
noise  and  interference  as  well  as  system  transients  introduced  by  band 
limiting  directly  affect  the  accuracy  of  the  data. 
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(c)  Pulse  Position  Modulation  (PPM) 

Pulse  position  modulation  is  similar  to  pulse  duration  modu¬ 
lation  except  that  rather  than  using  the  entire  duration  of  the  pulse,  only 
the  trailing  edge  of  the  pulses  are  transmitted  to  identify  the  pulse  width. 
It  is  used  principally  in  conjunction  with  an  amplitude  modulated  prime 
carrier  since  its  principal  advantage  lies  in  the  small  percentage  of  time 
that  pulses  are  present,  thus  allowing  relatively  high  peak  powers  and  low 
average  powers.  The  wider  system  bandwidths  required  (as  compared  to 
PDM  and  PAM)  makes  its  use  in  conjunction  with  a  frequency  modulated 
prime  carrier  undesirable,  since  the  reduction  in  average  power  for  the 
FM  system  could  not  be  realized. 

A  typical  pulse  position  waveform  is  shown  in  Figure  1-6 
along  with  the  equivalent  pulse  duration  waveform.  The  synchronization 
pulses  shown  also  may  vary  from  system  to  system.  Although  pulses 
corresponding  to  the  leading  edge  are  not  transmitted  in  the  system 
illustrated  this  may  be  done  to  reduce  synchronization  problems  at  the 
receiving  station. 

(d)  Errors  in  Analog  Time-Division  Multiplex  Systems 

The  principal  sources  of  error  in  analog  time-division  multi¬ 
plex  systems  are  closely  related  to  those  in  frequency  division  multiplex 
systems.  These  are: 

1)  Drift  and  non-linearity 

2)  Bandlimiting 

3)  Crosstalk 

4)  Interpolation  errors 

5)  RF  link  noi.se 

With  the  exception  of  pulse  amplitude  modulation,  only  drifts 
and  non-linearities  associated  with  equipment  prior  to  (and  including)  the 
remote  converters  and  after  (and  including)  the  receiver  converter  are 
of  primary  concern  to  analog  time  division  systems.  As  is  the  case  in 
the  frequency  division  systems  this  drift  and  non-linearity  is  systematic 
in  that  the  amount  is  dependent  entirely  on  the  state-of-the-art  in  circuit 
design,  and  calibration  signals  can  be  of  considerable  aid. 

Errors  classified  as  bandlimiting  errors  in  time-division 
systems  are  produced  only  in  the  equipment  preceding  the  multiplexer. 
Errors  due  to  bandwidth  restrictions  in  other  parts  of  the  system  are 
usually  classified  under  different  names.  Since,  in  theory,  there  is  no 
reason  to  bandlimit  the  system  at  this  point,  these  errors  are  also 
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Fig.  1-  6  Pulse  Position  Waveform 
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systematic  in  nature  and  depend  upon  the  phase  and  amplitude  response 
of  the  filters  involved  as  well  as  the  character  of  the  data. 

Crosstalk  in  a  time-division  system  normally  occurs  from 
bandlimiting  of  the  pulse  video  signal  causing  transients  from  channel 
pulses  to  effect  the  pvilses  of  the  channels  following.  The  relationship 
between  bandlimiting  and  crosstalk  varies  from  system  to  system.  There 
is  no  crosstalk  due  to  non-linearity  in  time-division  systems.  Crosstalk 
in  a  time-division  system  is  a  fundamental  error. 

Interpolation  error  comes  about  when  an  attempt  is  made  to 
reconstruct  a  continuous  waveform  from  the  sampled  values  of  the  original 
waveform  available  to  the  receiving  station.  The  amount  of  interpolation 
error  is  a  function  of  the  characteristic  of  the  data  which  was  sampled, 
the  method  of  interpolation  and  the  sampling  rate  and,  hence,  is  a  funda¬ 
mental  error  in  the  system.  The  power  spectrum  of  a  waveform  consist¬ 
ing  of  impulse  samples  of  a  continuous  waveform  is  made  up  of  images 
of  the  spectrLun  of  the  original  waveform  (Figure  1-7).  The  purpose  of 
the  interpolation  process  is  to  recover  intact  the  image  appearing  about 
dc  while  ignoring  frequency  content  belonging  to  other  images  (which 
appear  about  the  sampling  frequency  and  its  harmonics).  Normally,  the 
interpolation  process  is  such  that  it  introduces  distortion  due  to  bandlimit¬ 
ing  in  the  spectrum  about  zero  frequency  and  allows  some  content  of  the 
unwanted  images  into  the  output.  These  two  types  of  error  have  been 
termed  errors  of  omission  and  errors  of  eoiiimission  respectively.  I'he 
errors  of  commission  are  also  called  foldover  errors  and  aliasing  errors. 

It  should  be  noted  that  errors  of  omission  are  almost  directly  equivalent 
to  errors  due  to  bandlimiting  in  the  subcarrier  bandpass  filters  of  frequency 
division  systems.  Also  errors  of  commission  are  almost  directly  equiva¬ 
lent  to  errors  due  to  adjacent  channel  crosstalk  in  frequency  division  systems. 
Thus  the  fundamental  relationships  imposed  on  system  parameters  by  fixing 
interpolation  error  in  a  time-division  system  has  almost  a  direct  counter¬ 
part  in  frequency  division  systems. 

The  P\F  link  enurs,  as  in  the  frequency  division  system,  are 
fundamental  being  functions  of  the  recei /ed  signal  power  at  the  receiving 
station  and  many  other  system  parameters. 

As  was  the  case  in  frequency  division  systems  additional  errors 
not  listed  can  occur  when  the  measurement  device  output  is  at  low  level. 

The  amount  of  error  varies  dependent  upon  whether  a  separate  amplifier 
is  to  be  supplied  for  each  channel  prior  to  commutating  or  whether  the 
commutating  or  multiplexing  is  to  be  done  at  low  level.  Until  fairly 
recently  it  was  not  considered  feasible  to  perform  low  level  commutation 
in  systems  with  missile  environment.  References  1-9  and  26-36  consider 
various  aspects  of  time  division  systenas.  References  32-36  consider 
specifically  tlie  interpolation  problem. 
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Figure  1-7  Power  Densify  Specfrum  of  Sampled  Data  Waveform 
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The  output  of  the  converter  in  a  digital  system 
can.  take  on  only  certain  discrete  forms.  Each  of  the  possible  outputs 
of  the  converter  can  be  thought  of  as  a  separate  message.  If  the  input 
to  the  converter  is  a  continuously  variable  voltage,  such  as  would  be  the 
case  in  many  measurement  problems,  it  is  common  to  divide  the  range 
of  probable  variation  into  segments  of  voltage.  The  converter  has  an 
output  waveform  assigned  to  each  segment  and  is  constructed  such  that 
it  supplies  the  output  corresponding  to  the  segment  occupied  by  the  input 
waveform.  The  process  of  segmenting  the  input  range  of  variation  is 
known  as  quantizing  and  the  segments  themselves  are  referred  to  as 
quantization  levels.  The  converter  output  is  usually  called  a  code  and 
the  converter  itself  either  a  coder  or  analog  to  digital  converter  (A  to 
D  converter). 

As  may  be  imagined  an  unlimited  number  of  differ¬ 
ent  types  of  digital  systems  could  be  envisioned  since  an  unlimited  number 
of  different  code  waveforms  are  available.  However,  a  large  majority 
of  digital  telemetry  systems  use  a  code  which  is  made  up  of  pulses  which 
are  weighted  in  a  binary  fashion.  The  interval  of  time  allotted  for  each 
puLse  is  quite  often  referred  to  as  a  bit  time  (in  teletype  this  is  called  a 
baud  time).  The  codes  are  distinguishable  from  one  another  by  the  presence 
or  absence  of  the  pulses.  Thus  the  wav'cform  in  each  bit  position  can  take 
on  one  of  two  possible  configurations.  Codes  of  this  variety  will  be  called 
two-level  codes  herein  to  avoid  confusion  with  the  binary  weighting  of  the 
individual  bits  which  will  be  discussed  in  the  following  section.  Along  this 
line  it  is  worth  noting  that  quite  often  in  literature  the  word  binary  is  used 
interchangeably  to  describe  either  or  both  of  these  properties  of  the  code 
(that  is:  number  of  levels  and  weighting)  and  hence  one  needs  to  take  care 
in  its  interpretation.  Codes  with  binary  weighting  of  the  bit  values  are 
invariably  two  level  codes.  However,  the  converse  is  by  no  means  true. 

The  discussion  of  digital  systems  will  be  divided 
into  four  sections.  The  first  will  concern  the  binary,  two-level,  pulse 
coding  mentioned  above.  The  next  section  will  discuss  a  different  variety 
of  two-level  pulse  coding  known  as  orthogonal  coding.  The  third  section 
will  discuss  briefly  other  forms  of  coding.  .Lastly,  the  principal  sources 
of  error  in  digital  systems  will  be  presented.  All  of  the  digital  systems 
discussed  in  this  section  are  of  necessity  time-division  multiplexed  system^s. 
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(a)  Binary  Pulae  Code  Modulation  (PCM) 


Two-level,  binary  weighted,  pulse  coded  systems  have  been 
used  to  such  an  extent  in  the  past  that  the  abbreviation  icr  pulse  code 
modulation  (PCM)  has  been  quite  often  used  to  imply  a  system  of  this 
type*.  The  weighting  of  the  codes  are  illustrated  in  Figure  1-8,  As  can 
be  seen,  the  code  which  stands  for  each  quantizing  interval  is  represented 
by  a  sequence  of  bit  intervals  which  are  distinguished  by  the  presence  or 
absence  of  a  pulse.  The  weighting  assigned  to  each  bit  interval  is  a 
binary  number.  The  total  value  of  the  code  can  be  obtained  by  adding 
up  the  weighting  values  of  all  bits  with  pulses  present  (this  can  also  be 
thought  of  as  multiplying  the  weighting  assignments  by  "zero"  or  "one” 
depending  on  the  absence  or  presence  of  pulses,  and  summing  the  results). 
The  code  illustrated  is  a  three  bit  code  which  has  eight  possible  values. 
The  number  of  values  or  quantizing  levels  which  can  be  represented  by 
a  sequence  of  n  bits  weighted  in  binary  fashion  is  2*^. 

Figure  1-9  illustrates  the  entire  coding  procedure  where  a 
three  bit  code  (eight  quantizing  levels)  is  again  used  to  sim.plify  the 
illustration.  The  zero  to  full  scale  range  of  the  input  analog  signal  is 
divided  into  quantizing  segments  as  shown  and  the  quantizing  segments 
numbered.  The  samples  of  the  analog  waveform  are  coded  corresponding 
to  the  quantizing  interval  occupied  by  the  sanipleu  value. 

Thus  far  the  transmission  of  "one"  or  "zero"  value  during  a  bit 
interval  has  been  referred  to  as  being  designated  by  the  presence  or 
absence  of  a  pulse.  In  actual  practice  this  waveform  can  take  on  many 
differeni;  forms.  Figure  1-10  shews  a  number  of  the  different  waveforms 
which  can  be  used.  The  non-return-to-zero  waveform  is  probably  the 
most  commonly  used  of  those  shown.  However,  all  of  those  shown  have 
either  been  used  in  systems  to  date  or  are  to  be  used.  When  the  non- 
return-to-zero  or  return-to- zero  waveforms  are  used  it  is  common 
practice  to  use  a  pre-moduiation  filter  to  round  off  the  corners  of  the 
modulating  waveform. 


^Strictly  speaking,  however,  a  system  of  pulses  which  can  take  on  four 
levels  rather  than  two  and  has  weighting  of  bits  other  than  binary  should 
also  be  considered  a  pulse  code  modulation  system. 
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Figure  1-10  Binary  Modulation 
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The  arrangement  of  the  code  sequence  in  a  binary  transmission 
system  is  called  the  format.  In  general  the  format  is  defined  by  the 
arrangement  of  bits  in  each  code  group  representing  a  sample  value  (which 
is  sometimes  called  a  word)  and  the  arrangement  of  these  code  groups  in 
respect  to  one  another.  The  bits  within  a  particular  coded  word  may  con¬ 
sist  of:  information  bits  which  are  weighted  binarily  as  previously  described 
to  represent  the  sample  value;  a  parity  bit  which  takes  on  the  polarity 
necessary  to  make  the  total  number  of  one  bits  per  word  either  even  or 
odd  (dependent  upon  whether  even  or  odd  parity  is  to  be  used);  and  synchro¬ 
nization  bits  which  are  normally  of  fixed  polarity.  Either  or  both  of  the 
latter  types  of  bits  might  be  missing  depending  upon  the  requirements  of 
the  system.  Parity  bits  serve  the  purpose  of  allowing  detection  of  words 
with  a  single  bit  in  error.  However,  parity  is  of  questionable  value  in  a 
radio  transmission  link  since  only  in  a  relatively  small  area  of  signal-to- 
noise  ratios  is  the  probability  of  a  single  bit  error  probable  enough  to  be 
a  bother  and  much  more  probable  than  the  occurrence  of  two  errors  within 
the  word.  For  this  reason  parity  bits  are  quite  often  not  included  in  the 
transmitted  format  of  radio  links.  However,  in  the  ground  data  handling 
process  parity  bits  are  almost  always  used  since  the  statistics  associated 
with  the  introduction  of  errors  in  the  code  by  the  data  handling  equipment 
are  quite  favorable  to  their  detection  by  parity.  The  synchronization  or 
timing  bits  which  may  appear  every  word  or  may  appear  after  a  certain 
small  sequence  of  words  are  usually  called  word  synchronization  bits. 
Virtually  all  presently  operating  binary  PCM  systems  have  included  some 
form  of  word  synchronization,  although  some  presently  under  development 
do  not. 


The  arrangement  of  words  in  respect  to  one  another  is  quite 
flexible  and  varies  between  almost  all  systems.  In  many  systems  it  is 
possible  to  include  words  containing  different  numbers  of  information 
bits.  This  is  particularly  the  case  when  one  bit  words  (which  are  some¬ 
times  called  bi-level  or  events  data)  are  to  be  inter-mixed  with  words  of 
a  larger  fixed  number  of  information  bits.  In  the  simplest  cases  the 
information  channels  are  sampled  sequentially  with  fixed  word  length 
(such  as  was  illustrated  in  Figure  1-3).  In  this  case  each  word  represents 
the  code  for  a  separate  information  channel,  appearing  sequentially  in 
time.  The  sequence  is  repeated  each  time  the  commutator  completes 
a  cycle.  This  entire  cycle  is  normally  called  a  frame.  In  most  recent 
PCM  systems  the  programming  of  channels  within  a  frame  has  been 
quite  complex,  with  some  channels  being  sampled  more  often  than  others. 
This  can  be  best  visualized  by  considering  a  commutator  with  a  very 
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large  number  of  terminals  with  some  of  the  terminals  tied  togethei-  so  that 
some  channels  are  sampled  more  often  than  others.  It  is  necessary  to 
also  supply  timing  information  to  designate  the  start  of  the  frame.  This  is 
normally  done  by  transmitting  a  unique  or  identifiable  code  pattern  in  one  or 
more  word  positions. 

(b)  Orthogonal  Coding  Systems 

In  recent  years  considerable  study  has  been  devoted  to  the  use 
of  codes  other  than  the  ordinary  binary  code  described  in  Section  I,  l-2c, 
as  a  means  of  transmitting  information.  Perhaps  the  most  interesting 
category  of  codes  is  the  orthogonal  variety.  In  the  early  work  on  infor¬ 
mation  theory  it  was  recognized  that  codes  could  be  chosen  which  allowed 
an  exchange  between  system  sensitivity  and  system  bandwidth.  The 
orthogonal  coding  technique  accomplishes  this  exchange  in  a  fashion 
similar  to  that  predicted.  Thus,  orthogonal  systems  utilizing  relatively 
large  RF  spectrum  space  can  be  received  with  less  transmitted  power 
than  other  systems  transmitting  the  same  information  under  equivalent 
conditions.  Although,  other  techniques,  such  as  high  deviation  frequency 
modulation,  have  been  used  in  the  past  to  exchange  bandwidth  for  sensitivity, 
they  do  not  perform  the  exchange  as  favorably  as  do  the  orthogonal  systems. 

The  principle  of  operation  involves  the  use  of  only  a  few  of  a 
large  number  of  possible  binary  codes  to  represent  the  quantized  signal 
levels.  The  set  of  codes  to  be  used  are  selected  in  such  a  fashion  that 
they  are  mutually  orthogonal;  that  is  the  cross  correlation  between  any 
two  different  codes  selected  is  zero  or  negative.  The  correct  code  can  be 
identified  at  the  receiving  station  by  cross  correlating  the  input  word 
signals  with  all  of  the  possible  transmitted  words  and  selecting  the  cor¬ 
relator  with  the  largest  output.  Since  the  averaging  time  in  the  correlation 
process  is  an  entire  word  rather  than  a  single  bit  time,  the  noise  power 
as  compared  to  a  binary  system  is  reduced. 


*The  different  means  producing  such  a  program  are  sometimes  referred 
to  as:  super  commutation,  subcommutation  and  programmed  multiplexing. 
Subcommutarion  implies  that  a  single  channel  which  appears  periodically 
is  supplied  by  another  commutator  so  that  each  revolution  of  the  prime 
commutator,  one  of  the  subcommutator  channels  appear.  Super  com¬ 
mutation  and  programmed  multiplexing  are  similar  in  that  they  can  present 
the  same  format  but  differ  principally  in  technique  of  supplying  the  format. 
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An  eight  level  orthogonal  code  along  witli  the  equivalent  eight 
level  binary  code  are  illustrated  in  Figures  1-11  and  1-12.  As  can  be 
seen  four  binary  bits  are  required  to  achieve  the  orthogonal  combinations 
meaning  tliat  eight  of  the  binary  combinations  in  the  orthogonal  code  are 
not  used.  The  code  levels  are  shown  as  plus  and  minus  E  rather  than  one 
and  zero  since  the  evaluation  of  the  cross  correlation  function  requires 
tire  "zero"  bit  to  have  equal  value  of  opposite  polarity  from  the  "one"  bit. 

As  can  be  seen  the  average  of  the  product  of  any  two  of  the  orthogonal 
combinations  is  zero  or  negative  whereas  this  is  not  true  of  the  binary 
code  (the  average  produce  varying  from  1/3E  to  -E).  The  assignment 
of  levels  to  tlie  orthogonal  code  is  arbitrary  since  the  receiving  station 
identifies  the  codes  word  by  word  rather  than  bit  by  bit. 

The  total  gain  in  power  available  from  use  of  an  orthogonal 
system  as  compared  to  an  ordinary  binary  system  can.  be  shown  to  be 
approximately  one-half  the  number  of  binary  bits  necessary  to  achieve 
the  number  of  quantizing  levels.  Thus  for  an  orthogonal  system  with 
eight  quantizing  levels  (corresponding  to  a  three  bit  binary  system)  the 
power  gain  is  approximately  one  and  a  half  or  1. 8  db.  An  orthogonal 
system  with  1024  quantizing  levels  (corresponding  to  a  10  bit  binary 
system)  would  realize  an  approximate  power  gain  of  5  or  7  db. 

The  number  of  orthogonal  combinations  in  a  word  of  n  binary 
bi  s  is  2*^.  Thus  in  order  to  allow  representation  of  all  quantization 
signals  with  mutually  ortliogonal  signals,  the  number  of  bits  per  word 
in  an  orthogonal  system  must  be  equal  to  one-half  the  number  of  quantiz¬ 
ing  levels.  This,  then,  requires  an  increase  in  bandwidth  over  an  equivalent 
binary  system  of  a  factor  equal  to  half  the  quantization  levels  divided  by 
the  number  of  binary  bits  necessary  to  realize  the  quantization  levels  in 
a  binary  system.  For  the  system  with  8  quantization  levels  the  bandwidth 
must  be  increased  by  4/3,  while  the  system  witli  1024  quantization  levels 
the  bandwidth  must  be  increased  by  a  factor  of  512/10  or  51.2.  The  slope 
of  power  vs.  bandwidth  becomes  small  as  the  bandwidth  becomes  large. 

(c)  Other  Digital  Systems 

As  previously  mentioned,  there  are  an  unlimited  number  of 
different  types  of  digital  systems.  Although,  binary  weighting  has  been 
used  almost  exclusively  in  systems  involving  RF  link  transmission,  other 
two  level  codes  have  often  been  used  in  data  handling  equipment.  Perhaps 
the  most  common  of  these  is  binary  coded  decimal  (BCD)  which  consists 
of  sequences  of  four  bit  binary  pattern.  Each  four  bit  binary  pattern  is 
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used  to  represent  a  number  from  zero  to  nine.  The  four  bit  patterns  are 
than  used  in  decimal  form  to  represent  the  total  number.  Thus  twelve 
bi-level  bits  are  necessary  to  represent  a  number  between  zero  and  nine 
hundred  and  ninety-nine,  the  first  four  bits  representing  the  decimal  values 
for  the  hundred  column,  the  second  four  bits  representing  the  decimal 
value  for  the  ten  coliunn,  and  the  last  four  bits  representing  the  decimal 
values  for  the  one  column.  Since  all  of  the  binary  combinations  are  not 
used,  this  code  is  somewhat  inefficient  from  the  standpoint  of  a  trans¬ 
mission  system  {10  binary  bits  can  represent  1024  levels)  but  is  convenient 
for  readout  purposes. 

Other  two  level  codes  such  as  cyclic  or  grey  code  have  also  been 
used  (see  Reference  48).  hi  addition  trinary  or  three  level  codes  have  been 
discussed  in  literature  and  at  least  one  instance  exists  where  a  four  level 
pulse  system  was  used  for  telemetry. 

Error  correction  codes  have  been  used  which  use  several  bits 
per  word  and  hence  lie  between  (in  complexity)  the  parity  bit,  which  is  an 
error  detecting  device,  and  ortliogonal  coding  schemes  which  are  extreme 
cases  of  error  correcting  codes.  Such  codes  are  particularly  useful  in 
wire  transmission  of  digital  data  handling  systems  where  the  probability 
of  a  single  error  per  word  is  significant  but  the  probability  of  more  than 
one  insignificant. 


(d)  Errors  in  Digital  Systems 


Probably  the  tendency  toward  digital  systems  which  appears  in 
telemetry  today  is  due  to  die  relatively  good  accuracies  which  can  be 
achie%red.  Although  a  considerable  amount  of  analytical  effort  has  gone 
into  showing  the  generally  advantageous  exchange  between  system  band- 
widlli  and  system  sensitivity*  available  in  digital  systems,  it  is  probably 
the  reduction  in  systematic  errors  which  can  be  achieved  in  digital  trans¬ 
mission  systems  that  has  provided  the  most  universal  appeal.  The  errors 


in  a  digital  system  will  be  categoriiied  as; 


*The  emphasis  placed  on  this  may  be  due  in  part  to  the  relative  ease  of 
handling  discrete  transmission  systems  with  a  classical  information 
theory  approach.  The  trade  off  between  sensitivity  and  bandwidth  is  best 
visualized  by  use  of  information  theory. 
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1)  Analog  errors  (drifts,  bandlimiting,  non-linearity, 
etc.  in  analog  portions  of  the  system) 

2)  Digital  dropouts 

3)  '  Quantization  errors 

4)  Interpolation  errors 

5)  RF  Link  errors 

Since  most  digital  systems  contain  some  analog  circuitry,  (up 
to  the  digitizer  at  the  transmission  end  and  after  digital-to-analog  conversion 
at  the  receiver  if  analog  readout  is  required)  errors  due  to  drifts,  etc. 
similar  to  those  previously  discussed  in  connection  with  analog  time-division 
multiplexed  systems  can  exist.  All  of  tliese  errors  are  systematic  rather 
than  fundamental  and  in  general  can  be  reduced  to  a  much  smaller  value 
than  can  the  equivalent  errors  in  an  analog  system  since  drifts,  distortion 
and  bandlimiimg  in  the  transmission  link  beyond  the  converter  causes  no 
error  ac  all  unless  they  are  very  severe. 

The  systematic  errors  associated  with  data  after  it  has  been 
digitized  are  called  dropouts.  In  a  binary  coded  system  the  principal 
source  of  dropouts  are  in  the  tape  recording  process  due  to  tape  imper¬ 
fections. 


There  are  three  fundamental  errors  in  a  digital  system.  The 
first  is  quantizatioii  error.  If  the  signal  into  the  converter  takes  on  a 
continuous  range  of  voltage  and  the  signal  out  of  the  converter  can  stand 
for  only  discrete  values  there  is  usually  a  difference  between  the  input  and 
outp\it  which  is  called  quantizing  error.  The  maximum,  quantizing  error 
is  equal  to  one-half  the  quantizing  range  and  if  the  signal  is  presumed  to 
equally  likely  to  be  at  any  place  within  the  quantizing  interval,,  the  rms 
quantizing  error  is  the  quantizing  interval  divided  by  the  square  root  of 
twelve. 


Since  the  digital  systems  discussed  herein  are  time-division 
multiplexed  systems  the  problems  of  interpolation  and  the  errors  associated 
with  the  process  are  identical  to  those  of  analog  time  division  system. 

About  the  only  difference  involves  the  relative  ease  of  interpolating  with  a 
digital  computer  which  may  provide  some  advantage  over  other  techniques. 

The  RF  link  errors  in  digital  systems  behave  in  a  different 
fashion  than  those  of  analog  systems  in  that  a  very  sharp  threshold  exists. 
When  the  signal  strength  is  ■>/ery  much  above  this  threshold  almost  no 
errors  occur  due  to  noise  in  tlie  RF  link.  However,  if  the  signal  strength 
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is  much  below  that  threshold  the  data  is  very  noisy,  (References;  1-9 
and  37  through  53  consider  digital  systems.) 

d .  Sub-Multipley.ed  and  Combination  Systems 

In  frequency  division  transmission  systems  it  has  been  common 
to  sub-multiplex  some  of  the  wider  band  subcarrier  channels.  This  sub¬ 
multiplexing  usually  involve.s  the  use  of  a  time-division  multiplexed  wave¬ 
form  as  the  modulation  of  one  of  the  subcarrier  channels  as  illustrated 
in  Figure  1-13.  The  use  of  sub-multiplexed  channels  of  this  nature  allows 
the  total  number  of  measurements  handled  by  the  transmission  system  to 
be  increased  considerably.  The  frequency  content  of  the  sub-multiplexed 
measurements  must  be  low  relative  to  that  which  could  normally  be  trans¬ 
mitted  over  the  subcarrier  channel. 

The  most  common  types  of  sub-multiplexing  have  been  PAM/ 
FM/FM  and  PDM/FM/FM  although  almost  all  varieties  have  been  used 
for  some  applications.  Sub -multiplexing  by  frequency  division  multiplex¬ 
ing  with  low  frequency  channels  and  using  the  composite  signal  to  modulate 
a  higher  frequency  subcarrier  has  also  been  used.  This  is  called  F.M/FM/ 
FM.  In  many  systems  different  types  of  sub-multiplexing  are  used  on. 
different  subcarrier  channels. 

Although  coiiobined  telemetry  systems  have  not  been  widely  used 
to  date,  there  is  some  indication  that  they  may  receive  increased  attention 
in  the  future.  To  illustrate  what  is  meant  by  combined  telemetry  systems, 
two  examples  will  be  presented. 

The  first  example  illustrated  in  Figure  1-14  combines  a  general 
time-division  multiplexed  system  with  frequency  division  subcarriers. 
Since  die  time-division  waveform  can  be  oqiected  to  occupy  the  lower 
frequency  region  of  the  baseband,  higher  frequency  subcarriers  can  be 
added  in  a  linear  sumn;er  in  such  a  fashion  that  they  are  separable  by- 
virtue  of  baseband  frequency  content. 

The  second  example  involves  the  combination  of  two  time- 
division  systems,  as  illustrated  in  Figure  1-15.  The  modulating  waveform 
is  further  time  multiplexed  between  the  two  time-division  systems.  Such 
a  scheme  using  FAM  and  PCM  (called  PACM)  has  been  considered  in 
literature  (Reference  Z).  Analytical  papers  on  the  specific  subject  of  sub- 
multiplexed  and  combination  syste;ns  can  be  found  in  references  1  and  2, 
and  54  through  60. 
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Figure  1-15  Example  of  Combined  System  with  Time  Division  Multiplexed  Baseband 
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1-4 


TRANSMISSION  SYSTEM  APPLICATIONS 


a.  FM/FM 

.Shortly  after  World  War  II  the  Research  Development  Board 
(RDB)  established  a  set  of  standards  for  FM/FM  telemetry.  This  set  of 
standards,  which  formed  the  foundation  for  the  present  day  Inter-Range 
Instrumentation  Group  (IRIG)  Standards,  specified  the  center  frequencies 
of  the  subcarrier  oscillators,  and  the  bandwidths  allotted  to  each  subcarrier 
channel.  With  these  parameters  tied  down,  and  the  subsequent  production 
of  standard  subcarrier  oscillators  and  subcarrier  discriminators,  FM/FM 
became  the  most  widely  used  military  telemetry  system.  Inis  ascendency 
has  lasted  to  the  present  time,  and  has  carried  over  into  some  of  the 
western  European  nations  as  well.  As  time  progressed,  the  number  of 
measurements  required  of  telemetry  systems  increased.  The  limitations 
in  maximum  number  of  channels  allowed  in  original  and  present  day 
standards  for  FM/FM  were  alleviated  by  establishing  standards  for  sub¬ 
multiplexing  the  higher  frequency  subcarrier  channels.  Thus  standards 
for  PAM/ FM/FM  and  PDM/ FM/FM  were  generated.  The  complete 
standards  are  given  in  Appendix  I.  For  convenience,  the  table  showing 
the  subcarrier  frequency  locations  and  the  bandwidths  associated  with 
the  individual  subcarrier  channels  are  given  in  Table  1-1.  As  can  be 
seen,  the  .subcarrier  channels  vary  from  400  cps  to  70  kc  in  center  frequency 
with  frequency  response  variations  of  6  cps  to  1.05  kc. 


Due  to  the  variation  in  information  capacity  of  the  subcarrier 
channels,  it  is  necessary  for  the  user  to  take  care  in  setting  his  system  up 
if  he  is  to  make  the  best  use  of  the  system.  Table  1-2  (Kef.  6l)  gives  an 
idea  of  some  of  the  measurements  and  what  measurands  can  be  accommo¬ 
dated  by  various  subcarrier  channels. 

In  addition  to  selecting  the  proper  subcarrier  channel  for  each 
measurand,  the  taper  of  the  system  must  be  adju.?ted.  The  taper  determines 
the  frequer'''y  deviation  of  the  prime  carrier  caused  by  each  snbearrier 
and  hence  determines  which  channels  are  most  likely  to  be  effected  by 
crosstalk  and  RF  link  noise.  Discussions  as  to  how  to  properly  adjust  the 
taper  are  included  in  Refs.  6l  and  62. 

Examples  of  modern  day  use  of  FA4/FM  and  subcommutated 
FM/FM  systems  may  vary  from  its  use  for  operational  evaluation  of  small 
missiles  (Ref.  63)  to  design  testing  of  an  ICBM,  Refs.  64  through  66)  to 
measurements  of  hydrographic  quantities  (Ref.  67). 
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Table  1-1.  Maximum  Sampling  Rates  for  Manually  Separated  Data 


Net  Sample  Lengths* 
(Milliseconds) 

Sampling  Rates** 

(Sample  s  /Second) 

■ 

Channel 

(cps) 

Conservative 

Values 

Min.  Values 

Conservative 

Values 

Max.  Values 

400 

660 

165 

1.52 

6.  0 

560 

500 

125 

2.  00 

8.  0 

730 

363 

91 

2.76 

11.0 

960 

296 

74 

3.38 

13.5 

1, 300 

200 

50 

5.  00 

20.  0 

1,700 

160 

40 

6.25 

25.  0 

Z,  300 

114 

28.5 

8.75 

35.  0 

3,  000 

89 

22.2 

11.2 

44.8 

3,  900 

66 

16.5 

15.  0 

60.  0 

5,400 

50 

12.5 

20.  0 

80.  0 

7,350 

36.4 

9. 1 

27.5 

no.  0 

10,500 

25.  0 

6.25 

40.  0 

160.  0 

14,500 

18.2 

4.55 

55.0 

220.  0 

22,000 

12.  1 

3.02 

82.6 

330.  0 

30. 000 

8.9 

2.22 

112.0 

448.  0 

40,  000 

6.6 

1.65 

152.  0 

609.  0 

52.500 

5.  1 

1.25 

196.0 

785.0 

70,000 

3.8 

0.95 

263.  0 

1, 050.0 

Optional  Bands  (  f  15%  Deviation) 

22, 000 

6.0 

1.5 

165.  0 

660.  0 

30,000 

4.5 

1.12 

222.  0 

888.  0 

40, 000 

3.3 

0.825 

303.  0 

1,212. 0 

52.500 

2.5 

0.625 

400.  0 

1, 600. 0 

70,000 

1.9 

0.475 

526.0 

2, 100. 0 

*  Net  sample  is  defined  as  the  time  a  sampling  device  dwells 

on  a  function.  This  is  equal  to  the  gross  sample  or  the 
period  between  the  .start  of  two  adjacent  samples  only  when 
no  time  is  lost  in  switching  from  one  sample  to  the  next. 

**  Assuming  no  lost  time  between  samples.  Multiply  these 

values  by  the  duty  cycle  for  the  actual  values. 
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A  stan.d3,rd  FM/FM  was  described  (Ref.  63)  for  the  purpose 
of  operational  testing  of  the  Hound  Dog  missile.  Since  a  relatively  small 
number  of  different  quantities  were  to  be  monitored,  sub -multiplexing  was 
not  required. 

In  the  Atlas  Intercontinental  Ballistic  Missile  program,  FM/FM 
and  PAM/ FM/FM  was  used  both  in  in-flight  testing  (Ref.  64)  and  ground 
testing  and  checkout  (Ref.  65  and  66).  The  in-flight  systems  described 
contained  16  subcarriers,  these  being  channels  1-13  and  channels  A,  C 
and  E.  The  upper  seven  subcarriers  were  sub-multiplexed  with  a  total 
of  168  PAM  channels,  with  sampling  rates  varying  from  2.  5  samples  per 
second  to  30  samples  per  second. 

FM/FM  and  PAM/ FM/FM  systems  have  also  been  used  in 
connection  with  the  Jupiter,  Pershing,  and  Juno  II  missile  programs 
(Ref.  68)  and  tire  Saturn  (Ref.  69).  The  system  described  for  the  Saturn 
booster  is  capable  of  handling  216  channels  by  using  PAM  subcommutation 
on  eight  subcarrier  channels. 

FM/FM  and  PDM/ FM/FM  systems  have  been  used  for  aircraft 
testing  (Ref.  73).  In  the  system  described,  ten  FM/FM  channels  were 
used  with  the  upper  two  sub-multiplexed  with  245  PDM  channels.  PDM/ 
FM/FM  was  also  used  in  connection  with  the  Bomarc  interceptor  program 
(Ref.  71). 


Although  FM/ i'M  has  not  been  used  to  a  la.rge  extent  in  space 
work,  it  is  used  in  the  Mercury  manned  orbital  program  (Ref.  72).  Two 
standard  FM/FM  links  are  used  with  four  subcarriers  in  use  on  each. 
Channels  5,  6  and  7  contained  respiration  a.nd  electro-cardiogram  infor¬ 
mation.  Channel  12  was  sub-multiplexed  with  ninety  PAM  channels 
sampled  at  1-1/4  sps.  The  low  frequency  channels  deviated  the  prime 
carrier  3  kc  each  while  the  deviation  caused  by  the  high  frequency  channel 
was  10.5  kc. 

Many  other  descriptions  of  past  and  projected  uses  of  FM/FM 
exist.s  in  the  literature.  Ref.  73  through  81  should  provide  a  sampling  of 
the  more  recent  articles  of  this  nature. 


b.  FM/PM 

The  principal  use  of  P'M/PM  to  date  has  been  in  connection 
with  the  "micioloi  k  system"  (Ref.  82)  which  has  been  used  extensively 
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in  our  space  program.  This  system  consists  of  a  few  of  the  lower  frequency 
standard  IRIG  subcarrier  channels  which  phase  modulate  a  prime  trans¬ 
mitter.  The  phase  modulation  index  is  adjusted  to  assure  the  presence  of 
a  carrier  signal  which  is  required  by  the  phaselocked  receiver  at  the 
receiving  site. 

In  the  first  U.  S.  satellite.  Explorer  I,  launched  in  early  1958, 
channels  2,  3,  4  and  5  were  used  to  monitor  skin  temperature,  internal 
temperature,  micrometeorites,  and  cosmic  rays.  Exploere  III  carried 
a  similar  system.  (Ref.  83).  The  first  U.S,  lunar  probe,  Pioneer  I 
launchedon  October  11,  1958,  contained  an  FM/PM  system  utilizing 
channels  1-5.  The  quantities  monitored  and  the  subcarrier  channels 
used  were  (Ref.  84): 

1)  Search  coil  magnetometer  (Channel  2) 

2)  Micrometeorite  detector  -  flux  and  momentum  (Channels  4  &  5) 

3)  Internal  temperature  (Channel  3) 

4)  Ionization  chamber  (Channel  1) 

5)  Facsimile  TV  scan 

The  facsimile  was  to  be  carried  on  a  separate  link  but  failed 
to  function  properly. 

Similar  telemetry  systems  were  carried  on  Explorers  IV  and 
VI  and  Pioneers  11,  III  and  IV  (Ref.  85).  Explorer  VI  also  carried  a  digital 
link  as  did  Pioneer  V  which  will  be  discussed  later. 

In  some  instances  in  the  past  phase  modulation  prime  trans¬ 
mitters  have  been  used  in  standard  missile  FM/FM  systems.  However, 
the  receivers  have  contained  frequency  rather  than  phase  demodulators 
and  the  transmitted  signals  have  received  pre-emphasis  so  that  the  link 
has  been  FM/FM  rather  than  FM/PM. 

The  microlock  system  achieved  excellent  sensitivity  and  was 
undoubtedly  a  major  contributor  to  the  success  of  the  early  United  States 
space  efforts  w'hen  transmitted  power  was  at  a  premium.  More  recently, 
however,  the  larger  information  capacities  required  in  space  and  satellite 
missions  and  the  rising  popularity  of  digital  transmission  systems  have 
decreased  the  applications  of  FM/PM. 
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FM/AM 


c . 


Although  FM/AM  has  not  been  extensively  used,  there  has  been 
at  least  one  system  in  continuous  use.  This  is  the  telemetry  system 
developed  by  NACA  (now  NASA)  and  employed  at  Langley  Field- -Wallops 
Island  Facilities  of  NASA. 

The  FM/AM  technique  is  basically  the  same  as  FM/FM  (both 
are  frequency  division  systems)  with  the  exception  that  the  output  of  the 
FM/AM  subcarrier  oscillators  modulate  the  amplitude  instead  of  the 
frequency  of  the  transmitter.  At  the  receiving  terminal,  the  input  data 
is  recovered  by  channel  filters  and  discriminated  to  obtain  the  analog 
quantity.  The  NASA  channel  and  frequency  allotments  are  shown  in 
Table  1-3.  The  block  diagram  of  the  ground  system  is  shown  in  Figure 
1-16.  In  this  system,  the  tape  recorder  is  used  to  store  data  for  later 
processing. 

Recently,  efforts  have  been  made  to  develop  FM/AM  as  a 
replacement  for  FM/FM  (Ref.  10)  with  the  argument  tha.t  the  hardware 
limitations  which  precipitated  the  original  decisions  to  standardize  on 
FM/FM  are  no  longer  valid.  Another  FM/AM  system  is  described  in 
Ref.  86. 

d.  Other  Frequency  Division  Systems 

As  has  previously  been  mentioned  almost  all  cornbinatioirs  of 
prime  and  subcarrier  modulation  techniques  have  been  either  used  or 
suggested.  Some  of  these  are;  AM/FM  (Ref.  87)  proposed  for  physio¬ 
logical  measurements;  SS/FM  (Ref.  88)  for  vibration  channels  in  missile 
testing;  PAM/ FM/AM  and  special  purpose  FM/FM  (Ref.  89)  in  the  Tiros 
weather  satellite;  FM/SS  (Ref.  90);  and  PDM/ FM/AM  and  AM/ AM  (Ref. 

85)  in  connection  with  the  Vanguard  program. 

e  .  Analog  Time-Division  Systems 

The  majority  of  the  uses  of  PDM  and  PAM  have  been  in  connection 
with  sub -multiplexed  FM/FM  systems  which  have  been  previously  discussed. 
However,  a  PDM/FM  system  for  aircraft  testing  has  been  described  (Ref.  70) 
which  could  handle  up  to  88  active  channels  at  a  sampling  rate  of  16  ?,/3  sps. 
Other  systems  involving  the  use  PDM  or  PWM  used  to  modulate  a  prime 
carrier  directly  are  described  in  Ref.  91  through  94. 


WADD  TR  61-67 
VOL  I  REV  1 


38 


WADD  TR  61-67 
VOL  I  REV  1 


39 


Allotments 


Filter  Passband 
70,  0  -  75.  0 

SO.  0  -  85.  0 

95.  0  -  100.  0 
107.  5  -  112.  5 
117.  0  -  122.  0 
127.  0  -  132.  0 
137.  0  -  142.  0 
147.  5  -  152.  5 
158.  0  -  163.  0 
167.  5  -  172.  5 
177.  0  -  182.  0 
188.  0  -  193.  0 
197.  0  -  202.  0 
212.  0  -  222.  0 
212.  0  -  232.  0 


233.  0  -  243.  0 


A  thirteen  channel  PAM/FM  system  missile  application  has 
been  described  in  Ref.  95.  The  system  is  capable  of  sampling  at  rates 
as  high  as  50  kc  and  uses  50%  duty  cycle. 

A  PPM  system  was  employed  by  Naval  Research  Laboratories 
with  operational  characteristics  as  shown  in  Table  1-4.  Other  applications 
of  PPM/.A.M  include  the  Vanguard  missile  program  {R.ef.  96),  and  physio¬ 
logical  telemetry  systems  (Ref.  97).  General  purpose  systems  are 
described  in  Ref.  98  and  99- 

f .  Pulse  Code  Modulation  System 

The  growing  quantities  of  telemetry  data  and  the  advent  of  digital 
computing  devices  dictated  some  time  ago  the  use  of  digital  ground  data 
handling  systems.  Although,  binary  pulse  code  modulation  had  been  con¬ 
sidered  for  voice  transmission  purposes  in  the  late  forties  (Ref.  100),  its 
use  in  airborne  telemetry  transmission  systems  began  in  the  middle  fifties 
with  the  development  of  tlie  AKT-14,  UKR-7  system  for  Wright  Air 
Development  Center  (Ref.  101  through  106).  From  this  time  on  the  growth 
in  the  number  of  digital  transmission  systems  in  telemetry  applications 
has  been  rapid.  A  survey  of  the  PCM  systems  for  telemetry  purposes 
was  conducted  by  R.  L.  Sink  (Ref.  107)  in  I960  and  is  shown  in  Tables 
1-5,  1-6  and  1-7.  Since  the  time  of  compilation  of  the  table  most  of  the 
systems  pending  service  or  in-development  have  been  put  to  active  use. 

For  instance,  the  PCM  system,  for  A.  C.  Spark  Plug  Division  of  General 
Motors  has  been  used  successfully  in  seven  flights  of  the  Titan  ICBM  thus 
far.  In  addition  many  of  the  large  booster  programs  in  the  future  appear  to 
be  planning  upon  the  use  of  PCM  telemetry  systems  and  in  this  area  it 
seems  likely  that  PCM  may  supplant  FM/FM  as  the  most  commonly  used 
type  of  telemetry  system. 

A  second  area  in  which  digital  systems  appear  to  be  gaining 
supremacy  is  in  space  telemetry.  The  signal-to-noise  advantages  coupled 
with  the  relative  reliability  and  flexibility  of  digital  circuits  compared  to 
analog  circuits  has  made  the  use  of  digital  systems  appear  quite  attractive 
in  applications  where  long  periods  of  unattended  operation  are  required. 

Ihe  Telebit  system  described  in  Table  1-5  has  been  successfully  used  in 
botli  Explorers  VI  and  VII  and  Pioneer  V  (Ref.  108,  109  and  110).  A 
feeling  for  the  growing  capability  of  digital  space  telemetry  system  can 
De  obtained  by  considering  the  PCM  system  being  designed  for  NASA  for 
the  Nimbus  weather  satellite  which  will  multij^lex  and  code  924  different 
channels  using  less  than  2  v/acts  of  power. 

Reference  material  describing  other  PCM  applications  may  be 
found  in  Ref.  Ill  through  119. 
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Table  1-4.  NRL  Telemetry  Transmitting  Set  AN/DKiT-7(50Nr-Z) 


Channels 

15 

Sanipling  Rate 

312.  5  samples  per  second 

Supercommutation 

4  channels  maybe  crous- 
strapped  for  1250  sps 

RF  Frequency  Lank 

220-239  me 

Transmitter  Power  Out 

40  watts  (peak  pulse  power) 

Accura,cy: 

±2%  (;c:l%  with  external 
calibration) 

Power  Inpxit 

28  V  dc  at  3,  5  amps 

6.  7  V  dc  at  11.3  ampvS 

Commutation 

Electronic 

Si  gnal  Input 

' 

0-5  volts 

Pulse  Interval 

200  usee 

Bandwidth 

100  kc  approx. 
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Orthogonal  Systems 


An  orthogonal  system  utilizing  32  quantization  levels  has  been 
developed  and  is  popularly  known  as  Digilock.  The  Digilock  system  will 
accept  either  analog  or  digital  input  signals  to  the  airborne  equipment. 
Analog  inputs  are  commutated,  converted  to  digital  form  in  the  analog  to 
digital  converter,  and  passed  to  the  Digilock  encoder.  Digital  data  is 
programmed  directly  to  the  encoder.  The  encoder  unit  quantizes  the  input 
data  into  binary  code  sequences  which  are  used  to  modulate  the  transmitter, 
each  value  of  data  being  represented  by  a  different  code  sequence.  In  the 
ground  station,  the  received  signal  is  demodulated  and  applied  to  the  input 
of  a  matrix  of  matched  filters.  Each  filter  "matches"  one  of  the  many 
possible  code  sequences.  A  decision  device,  the  output  selector,  compa.res 
the  outputs  of  all  filters  and  selects  that  filter  having  the  maximum  output. 
The  data  value  corresponding  to  this  matched  filter  is  then  recorded  and 
used  for  external  system  functions  in  either  digital  or  analog  form. 
Alternatively,  the  output  of  the  receiver  may  be  recorded  at  any  remote 
location  and  later  processed  at  a  central  decoding  station. 

Specifications  and  performance  of  the  Digilock  system  are  given 
in  Tables  1-8,  1-9,  and  1-10. 

h.  PA.CM/FM 


Beginning  in  February,  19S7,  a  telemetry  system  study  program 
was  undertaken  by  Aeronutronic  under  Contract  Number  DA-36-039  SC~ 
73182.  Prime  objectives  of  the  study  were:  (1)  to  forecast  future  telemetry 
test  loads  at  the  test  ranges  and  to  predict  the  user's  requirements  of  an 
individual  telemetry  system  in  types  and  amount  of  information  to  be  trans¬ 
mitted  over  the  next  decade;  (2)  to  recommend  suitable  operating  frequencies 
for  future  telemetry  systems;  (3)  to  examine  the  various  forms  of  modulation 
and  data  multiplexing,  and  recorcimend  optimum  techniques  for  future  system 
(4)  to  investigate  the  performance  of  present  telemetry  sysrems  and  to 
recommend  improvements . 

The  requirements  in  terms  of  data  parameters  were  based  upon 
the  telemetry  user's  needs  as  determined  from  the  results  of  the  user 
requirements  survey.  The  survey  covered  factors  such  as  data  accuracies, 
infoi'mation  bandwidth,  nurnper  of  sensors,  and  total  data  rate.  It  was 
deteriniiied  that  an  "average"  requirement  is  one  in  which  75  sensors  are 
required,  the  average  data  accura.cy  is  2.  5%  of  signal  range,  and  the  total 
data  ixvte  is  equivalent  to  75,  000  bits  per  second.  The  single  point  most 
evident  from  the  user  requirements  survey  is  that  a  general  purpose  sy'stem 
intended  to  ar;tommodate  a  maiorily  of  user  needs  must  be  a  very  flexible 
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Table  1-8.  Digilock  Specifications 


Input  s : 

100  bina.  y  inputs  per  frame 
from  either  analog  or  digital 
sources,  commutated  by  the 
Digilock  encoder. 

Data  Rate: 

One  complete  commutation 
frame  pex’  second. 

Output  Signal: 

Binary  sequence  suitable 
for  phase  modulation  or  of 
commercial  frequency 
modulation. 

Active  Elements: 

Silicon  transistors  tliroughout. 

Povfer  Requirements: 

7-  5  V  at  160  ma  (1.  Zw) 

W  eight: 

Z.  25  lbs. 

Size 

8”  X  1.  25”  X  6” 

Table  1-9.  Digilock  Tested  Environmental  Capability 


■ 

Temperature. 

-20  to  +70' C 

Acceleration: 

o 

0*0 

\ 

! 

Vibration: 

20  g  from  100  to  2,  000  cps 

Table  1-10.  Tested  Application  of  a  Digilock  System 


Carrier  Frequency; 

240  me 

Transmitted  Power; 

200  mw 

Transmitting  Antenna  Gain: 

0  db 

Receiving  Anteniia  Gain: 

27  db 

Receiver  Moise  I'igure: 

4.  5  db 

Communication  Range: 

50,  000  miles 

.  —  ,  LI  — 
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system  indeed.  The  requested  accuracies  range  from  0.  1%  to  20%  with 
most  requirements  having  different  accurac;)'  requests  among  the  data 
channels.  Some  of  the  large  missile  and  aircraft  tests  utilize  over  400 
sensors,  and  while  the  average  data  rate  was  75,  000  bits  per  second, 
nearly  10%  of  the  requests  were  for  more  tlian  1,  000,  000  bits  per  second. 

It  was  seen  that  a  single  general  purpose  system  would  have  to  provide 
data  rates  of  100,  000,  200,  000,  and  400,  000  bits  per  second,  at  least. 

Anticipation  of  increased  data  requirements  and  furtlier  congestion 
in  the  telemetry  bands  also  required  that  efficient  use  of  the  RF  spectrum 
be  a  major  factor  in  the  choice  of  a  general  purpose  system.  The 
efficiency  of  a  system  in  spectral  utilization  is  a  function  of  its  interference 
susceptibility  and  interference  generation. 

In  addition  to  consideration  of  flexibility  and  spectrum  utilization, 
considerations  of  a  more  general  nature  which  were  taken  into  account 
in  the  design  of  the  conceptual  system  were  as  follows: 

1.  To  the  greatest  extent  possible,  the  system  should  be 
compatible  with  existing  input  and  output  devices,  i.  e.  , 
transducers,  data  display,  recorders,  computers,  etc. 

2.  The  wide  application  of  telemetry  at  the  test  facilities  and 
ranges  represents  a  very  large  investment  in  equipment 
and  effort,  consequently  the  maximum  utilization  of  these 
is  desirable. 

3.  The  greatly  increased  cost  of  vehicles  and  their  non- 
recoverable  nature  demands  increased  emphasis  on 
reliability  as  a  design  consideration. 

4.  Size  and  weight  of  the  vehicle-borne  components  is 
important  in  view  of  the  desired  usefulness  in  applica.- 
tions  ranging  from  small  research  vehicles  to  ICBM's. 

Some  of  the  considerations  noted  above  represent  conflicting 
demands  on  the  conceptual  system  design.  However,  requirements  (1) 
and  (2)  and  aspects  of  requirement  (3)  are  largely  met  upon  selection 
of  a  system  which  will  expeditiously  meet  most  user  needs  aid  which 
the  capability  of  coq^anding  to  accommodate  the  increasing  requirements 
of  the  future. 
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The  conclusions  reached  in  the  course  of  tlie  study  are  listed 
in  detail  in  the  Final  Report  (Ref.  5).  The  system  recommended  as  a  general 
purpose  telemetry  system  is  a  combination  of  PAM/FM  and  PCM/FM  which 
is  designated  as  PACM/FM.  The  format  consists  of  pulse  amplitude 
channels  time-division  multiplexed  with  PCM/FM  channels.  The  time 
allocated  to  each  pulse  amplitude  channel  is  chosen  as  an  integral  number 
of  bit  times  to  simplify  the  timing  system.  The  system  is  in  the  evalua¬ 
tion  state  at  present. 
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SECTION  II 


TRANSDUCER  FUNDAMENTALS 
2-1  INTRODUCTION 
a.  General 

This  section  covers  the  fundamentals  of  various 
physical  measurements  in  an  effort  to  illustrate  and  provide  basic 
information  about  transducing  devices  used  to  translate  the  measure¬ 
ments  to  usable  signals  as  employed  in  telemetering  systems.  In 
many  cases  it  is  difficult  to  classify  a  measurement  fundamental  as 
applicable  to  an  existing  transducer  element  or  device.  However, 
as  new  materials,  methods  and  instruments  are  developed  to 
satisfy  new  and  advanced  program  requirements,  some  fundamental 
relationships  v/ill  become  more  useful.  For  example,  the  advance¬ 
ments  in  the  use  of  optical  scanning  techniques  (color  TV  included) 
has  made  more  useful,  many  measurement  fundamentals  based 
on  visual  indications,  rather  than  mechanical  or  electrical  signals. 

It  would, of  course,  take  several  text  books  to 
adequately  discuss  each  of  the  major  type.s  of  measurernents 
involved.  References  have  been  given  pertaining  to  historical 
development,  detailed  derivations,  and  evaluation  reports  to 
supplement  the  limited  descriptions  that  follow.  The  reader  may 
also  question  the  inclusion  of  certain  types  of  transducers.  Synchros, 
for  example,  are  not  generally  thought  of  as  "telemetry  transducers." 
However,  telemetry  engineers  must  be  familiar  with  synchros, 
resolvers,  control  transformers  and  other  like  equipment,  since 
they  are  often  called  upon  to  handle  signals  (shaft position,  ac  vol¬ 
tage,  etc.  )  from  servo  and  computer  systems.  The  question  as  to  what 
equipment  should  be  included  in  this  handbook  leads  to  the  next  question 
of  what  is  meant  by  "transducer."  A  brief  and  explicit  definition  cannot 
be  easily  derived.  The  Iiiter-Range  Instrunicntatioa  Group  has  adopted  the 
following  definition  for  an  instrumentation  transducer  (See  Appendix II)j 
"A  device  which  responds  to  a  phenomenon  and  produces  a  signal  which  is 
a  function  of  one  or  more  characteristics  of  the  phenomenon.  "  This  general 
definition  encompasses  two  groups  of  elements  as  stated  by  Lion  (Ref,120); 
namely,  input  transducers  and  modifiers.  As  classified  by  Lion,  an  input 
transducer  is  capable  of  converting  a  nonelectrical  quantity  into  an  electric 
signal  and  a  modifier  element  converts  an  electric  signal  into  another  modified 

120  Lion,  Kurt  S.  ,  Instrumentation  in  Scientific  Research  (Electrical 

Input  Transducers),  New  York:  McGraw-Hill  Book  Co.  ,  Inc,,  1959, pp*  1-2 
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electric  signal.  Lion  has  defined  a  third  group  of  elements  in  the  field 
of  electrical  instrumentation.  These  are  output  transducers,  used  to 
convert  an  electrical  signal  into  a  nonelectrical  quantity  ( e.  g.  ,  meter, 
strobotron  tube).  The  devices  described  in  this  and  other  sections  of 
the  Handbook,  and  called  transducers  herein,  could  be  logically  separa¬ 
ted  into  these  three  groups,  or  their  combinations.  It  may  be  noted  that 
transducers  described  in  this  handbook  are,  for  the  most  part,  input 
transducers;  e.  g.  ,  pres  re,  acceleration,  and  temperature  transducers. 

The  telemetry  engineer  it,  also  concerned  with  modifier  elements  such 
as  the  conversion  of  ac  power  to  a  proportional  dc  signal.  An  example 
of  this  is  the  Hall  Watt  transducer  described  in  this  section.  The  use 
of  output  transducers  within  telemetry  systems  is  limited  to  special  si¬ 
tuations  wherein  an  intermediate  element  is  required  between  the  non¬ 
electrical  quantity  which  is  to  be  telemetered  and  the  input  transducers. 

A  case  may  be  the  use  of  a  synchro  transrnitter  (input  transducer)  and 
receiver  (output  transducer)  wherein  the  transmitter  converts  shaft  rota¬ 
tion  to  an  electrical  signal  for  remote  operation  of  the  receiver.  The 
output  of  the  receiving  synchro  is  a  corresponding  sliaft  rotation  which, 
in  order  to  be  telemetered,  must  be  mechanically  coupled  to  another  input 
transducer  (e.  g.  ,  potentiometer,  differential  transformer). 

From  the  preceding  discussion,  it  may  be  recognized  tlxat 
to  advance  a  definitive  statement  of  the  meaning  of  "transducer"  could 
easily  impose  limitations  on  the  handbook's  coverage  and  consequently  its 
usefulness  to  the  telemetry  engineer.  In  the  opinion  of  the  authors,  the 
handbook  should  incorporate  all  significant  devices  with  which  the  tele¬ 
metry  engineer  must  work, 

b.  Transducer  Nomenclature 

Standard  nomenclatures  for  transducers  have  not  yet  been 
settled  upon  and  adopted  by  manufacturers  and  users.  However,  both  groups 
have  recognized  theii  need  and  organized  work  is  being  carried  out  toward 
this  end.  A  recent  qAie stionnaire  prepared  by  the  Instrument  Society  of 
America  contains  a  tentative  listing  which  maybe  used  in  selecting  trans¬ 
ducer  titles  {Ref.121).  This  listing  is  shown  in  Table  2-1  and  the  following 


121  "Preliminary  Questionnaire  on  Transducers  Having  Electrical  Output, 
Survey  Committee  on  Transducers  for  Aero-Space  Testing  (SCOTFAST), 
(Committee  No.  8A-RP37  of  Aero-Space  Standards  Division  of  the  Instrument 
Society  of  America),  undated. 
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are  examples  of  transducer  nomenclatures: 


Transducer  -  Acceleration,  Linear,  Unbonded  Strain 
Gage  Type,  ±3  g 

Transducer  -  Pressure,  Elastic  Element,  Potentiometer 
Type,  0-1000  psig 

The  nomenclature  of  a  particular  transducer  does  not  neces¬ 
sitate  the  use  of  all  modifiers  shown  in  Table  2.-1.  The  second  modifier 
may  or  may  not  be  employed  and  a  fourth  modifier  could  be  used  to  indicate 
further  restrictive  or  special  characteristics.  Examples  of  a  possible 
fourth  modifier  are:  Integrating;  Logarithmic;  Digital,  Discrete  Incre¬ 
ment;  Bi-Directional;  AC  or  DC  Output. 

c.  Physical  Effects  and  Transduction  Principles 

Appendix  III  provides  brief  explanations  of  numerous  physical 
effects  and  principles,  many  of  which  are  utilized  in  transducer  designs. 

Some  of  the  effects  have  not  yet  been  applied  in  transducer  design,  but  it 
is  conceivable  that  research  may  prove  them  to  be  of  value  under  special 
conditions, 

Z-2  MEASUREMENT  OF  DISPLACEMENT  AND  POSITION 

The  more  frequently  used  transdixcers  are  acted  upon  by  the  mea- 
surand  {a  generic  term  designating  any  physical  quantity  which  can  be 
measured,  detected,  sensed,  or  controlled)  to  cause  rectilinear  or  angular 
displacement  of  one  of  its  integral  parts.  The  magnitude  of  displacement 
corresponding  i,o  the  maximum  permissible  measurand  value  may  be  minute 
or  large.  For  instance,  displacement  of  the  moving  mas.s  of  a  force-balanced 
(servo-balanced)  accelerometer  is  hardly  discernible,  yet  a  displacement 
must  exist  in  order  to  obtain  a  signal  proportional  to  acc  ci.e  r  a  uxOii.  Relatively 
large  displacements  are  encountered  in  pressure  elements  such  as  the  bellows 
and  Bourdon  tube.  Very  large  displacements  occur  in  transducers  which  are 
used  for  measuring  position  (e.  g. ,  rectilinear  potentiometers,  differential 
transformers,  inductive  potentiometers).  The  conversion  of  displacement  to 
electrical  signals  may  be  accomplished  by  utilizing  such  effects  as  the  change 
in  electrical  capacitance  between  two  metal  plates  due  to  change  in  distance 
between  the  plates;  the  change  in  electrical  resistance  produced  by  a  movable 
contact,  as  in  the  potentiometer  or  rheostat;  the  change  in  self-inductance 
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or  mutual  inductance  produced  by  a  movable  magnetic  element;  the  voltage 
produced  by  force  applied  to  a  piezoelectric  crystal;  and  tlic  variation  in 
wire  resistance  duo  to  mechanical  strain. 

a.  Differential  Transformers 


(1)  Operating  Principles 

Differential  transformers  are  electromechanical 
devices  for  translating  the  displacement  of  a  magnetic  armature  in  an  ac 
voltage  which  is  a  linear  function  of  the  displacement.  Although  their 
physical  configurations  vary  between  manufacturers,  they  are  basically 
composed  of  primary  and  secondary  coils  wound  on  a  ferromagnetic  or  air 
core  and  a  movable  armature  is  used  to  control  the  electrical  coupling 
between  them.  When  two  primary  windings  are  used,  they  are  connected 
series  aiding.  The  secondary  windings  are  connected  series  bucking  so 
that  the  transducer  output  is  the  vector  difference  in  the  two  voltages  in¬ 
duced  in  the  secondaries. 


One  type 

of  differential  transformer  con¬ 
figuration  and  its  wiring  schema¬ 
tic  is  shown  in  Figure  2-1.  The 
ac  output  versus  armature  posi”' 
tion  is  depicted  in  Figure  2-2 
(Pef.  122).  A  do  signal  suitable  for 
telemetry  purposes  m.ay  be  ob¬ 
tained  by  use  of  a  demodulator 
and  low  pass  filter.  Basic  cir¬ 
cuitry  for  ac  to  dc  conversion  is 
shov'n  in  Figure  2-3.  In  transducer 
applications,  the  ac  input  power  is 
often  obtained  from  a  transistorized 
inverter  to  allow  operation  from  a 
dc  bus.  The  inverter,  differential 
transformer,  demodulator,  and 
filter  are  usually  contained  in  one 
package,  along  with  the  sensing 
element  (e.  g.  ,  bellows).  Figure  2-4 
is  a  schematic  of  a  typical  inverter, 
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122  ”  Notes  on  Linear  Variable  Differential  Transformers,  "  Bulletin 

AA-IA,  .Schaevitz  Engineering,  pp.  1-2, 
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Fig.  2-2.  Output  Voltage  and  Pha.se  as 
Function  of  Core  Position 


transformer,  and  phase  sensitive  demodulator  circuit.  The  inverter 
(often  called  a  modulator  by  manufacturers)  generates  a  square  wave 
carrier  which  permits  simple  capacitor  filtering  to  achieve  low  ripple 
output.  Electro-mechanical  response  is  determined  by  the  degree  of 
filtering  required  and  may  be  related  to  ripple  approximately  as  fol¬ 
io  v/s  : 


m  ,  10  X  desired  response  ,, 

%  Ripple  (rms)  =  - ^ - (2-1) 

carrier  frequency 

Another  configuration  of  an  air  core  differential 
transformer  with  a  terromagnetic  armature  is  shown  in  Figure  2-5 
wherein  four  windings  arc  wound  with  different  physical  relationships 
(Ref.  123). 

The  flux  distribution  of  an  iron  core  type  dif¬ 
ferential  transformer,  designated  as  the  Metrisite  by  the  manufacturer, 
is  shown  in  Figure  2-6,  and  one  armature  design  (a  conducting  loop)  is 


123  "Handbook  of  Linear  Transducers,  "  Ha.ndbook  No.  R-50,  Automat' 
ic  Timing  and  Controls,  Incorporated,  p.  4. 


WADD  TR  61-67 
VOL  I  REV  1 


56 


Fig.  2-3.  Differential  Transformer,  Demodulator 
and  Filter  Circuits 


depicted  in  Figure  2-7  (Ref.  124).  It  consists  of  three  coils  disposed  on 
three  legs  of  a  laminated  magnetic  structure.  In  the  central  leg,  there 
is  an  air  gap,  and  in  this  a  single-turn  loop  of  conducting  material  is 
free  to  move.  When  alternating  voltage  is  applied  to  the  central  coil, 
an  alternating  magnetic  flux  flows  through  the  central  leg,  across  the  air 
gap,  and  through  the  outer  legs.  The  coiLs  on  these  outer  legs  are  identical 
and  are  connected  in  scries  opposition.  If  the  conducting  loop  is  in  the 
center  of  the  air  gap,  the  flux  divides  equally  between  the  two  outer  legs 
inducing  equal  and  opposing  voltages  in  the  two  coils.  The  net  output  signal, 
therefore,  is  zero. 


If  the  conducting  loop  is  moved  away  from  the 
center  of  the  air  gap  as  shown  in  Figure  2-6,  the  flux  distribution  is 
altered  by  the  circulating  current  induced  in  the  loop.  This  results  in 
less  flux  flowing  through  the  coil  toward  which  the  loop  was  moved  and 
more  flvix  flowing  through  the  opposite  coil.  Accordingly,  the  voltages 
are  unbalanced,  and  the  net  output  represents  the  loop  position.  The 
loop  acts  as  a  flux  inhibitor  due  to  the  circulating  currents  induced  in 
it  which  oppose  the  flux  of  the  priniary  excitation. 


124  Ardnt,  John  P.  and  Gardner  P.  Wilson,  "An  Electro -Mechanical 
Transducer  With  Unusually  Dew  Reaction  Force,  "  Brush  Instruments, 
Division  of  Clevite  Corporation. 
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When  the  air  gap 

is  uniform,  the  output  is  very  nearly  a 
linear  function  of  loop  position  over  a  dis¬ 
tance  approximately  equal  to  the  width  of 
the  central  leg  of  the  core.  The  major 
source  of  error  is  fringing  of  the  flux.  In 
designs  requiring  the  best  possible  linear¬ 
ity,  the  slight  error  due  to  fringing  may 
be  eliminated  by  proper  shaping  of  the  air 

gap. 

Variants  of  the  H 
and  E  core  magnetic  configurations  have 
been  employed  in  differential  transformers. 
Figures  2-8  and  2-9  depict  their  basic  ar¬ 
mature  movements. 


Fig.  2-7.  Armature  Designed 
for  Non-Linear  Input-Output 
Function 


The  underlying 

principle  of  operation  is  the  large  variation  in  the  reluctance  of  the  magne¬ 
tic  circuit  resulting  from  relatively  small  armature  movements.  These 
reluctance  changes  in  turn  vary  the  coupling  between  the  primary  and  secon¬ 
dary  windings,  thus  producing  an  output  voltage. 


The  sensitivity  of  the 
E  and  H  core  design  is  exceedingly  high,  but 
the  output  is  necessarily  non-linear.  Another 
undesirable  characteristic  is  the  appreciable 
magnetic  pull  between  the  armature  and  pole 
pieces- 

(2)  Linearity  and  Linear 

Range  (Ref.  125) 

The  output  voltage  of 
an  air  core  differential  transformer  is  a  lin¬ 
ear  function  of  core  disjrlacement  within  a 
certain  r  ange  of  motion,  In  other  words, 
within  this  range,  a  graph  of  output  voltage 
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Fig.  2~9.  E  Core  Differential  Transformer 


versus  core  displacement  is  essentially  a  straight  line.  Beyond  this  range, 
the  graph  starts  to  deviate  from  a  straight  line. 

The  degree  of  linearity  within  the  linear  range  is 
defined  as  the  maximum  deviation  of  the  output  curve  from  the  "best  fit" 
straight  line  passing  through  the  origin,  expressed  as  a  percentage  of  the 
output  at  nom.inal  range.  For  example,  if  the  output  is  1.  25  volts  when 
the  core  is  displaced  from  the  null  to  the  limit  of  the  nominal  range  and 
the  maximum  deviation  of  the  output  curve  from  the  straight  line  through 
the  origin  that  best  fits  the  curve  is  ±0.  005  volts,  the  linearity  is 
±0.  005/1.  25  or  ±0.  4%. 


Unlike  the  potentiometer,  the  differential  trans¬ 
former  may  be  connected  to  a  wide  varietv  of  load  impedances  from  infinity 
down  to  an  impedance  of  the  same  order  as  its  differential  secondary  impe¬ 
dance.  In  many  applications,  the  load  may  be  given  any  value  in  this  range 
with  only  small  effect  on  linearity  ox'  linear  range. 

(3)  Sensitivity  and  Output  (Ref.  126) 

The  rated  sensitivity  is  usually  stated  in  terms  of 
millivolts  output  per  0.  OOl  inch  core  displacement  per  volt  input  (commonly 
written  mv  out/ 0.  001"/volt  in.  ) .  In  a  particular  application,  the  input  vol¬ 
tage  may  have  a  constant  specified  value  so  that  sensitivity  is  often  simply 


described  in  millivolts  (or  volts)  output  per  0.  00?  inch  core  displacement. 
As  voltage  sensitivity  varies  with  frequency,  cxc''pt  in  some  designs  over 
a  limited  frequency  range,  the  frequency  should  be  stated  wlicn  specifying 
sensitivity.  The  actual  output  voltage  for  a  given  core  displacement  is 
determined  by  multiplying  the  sensitivity  by  the  displacement  in  thousandths 
of  an  inch,  then  multiplying  this  product  by  the  input  voltage. 

Instead  of  specifying  sensitivity  as  described  above, 
some  users  prefer  to  specify  the  output  voltage  produced  at  rated  input 
voltage  with  the  core  positioned  at  one  end  of  the  rated  linear  range,  more 
simply  stated  as  the  nominal  full-range  output. 

Sensitivity  and  output  generally  increase  with  fre¬ 
quency,  particularly  in  the  low  frequency  portion  of  the  range  specified 
for  a  particular  differential  transformer.  In  some  designs,  the  output 
variation  with  frequency  may  disappear  for  limited  frequency  ranges  and 
particular  load  conditions. 

(4)  Resolution  (Ref.  127) 

The  output  voltage  variation  of  the  differential 
transformer  is  stepless.  Therefore,  the  effective  resolution  depends 
entirely  on  the  minimum  voltage  or  current  increment  which  can  be  sen¬ 
sed  by  the  associated  electrical  system.  The  output  may  readily  be  re¬ 
solved  to  within  0.  1  %  of  the  full-range  output  by  a  suitable  null-balance 
indicating  or  servo  system  such  as  that  shown  in  Figure  2-10. 


INPUT  motion 


INPUT 


Fig.  2-10.  Null  Balance  Circuit 


(5) 


Excitation  (Ref.  128) 


The  fundamental  inductive  arrangement  of  the 
differential  transformer  with  a  straight  movable  magnetic  core  can  be 
designed  for  operation  at  any  ac  frequency  in  the  range  from  below 
60  cps  up  into  the  radio  frequency  region  (one  megacycle  and  beyond). 
However,  standard  transformers  for  laboratory,  military,  and  indus¬ 
trial  application  are  readily  available  for  operation  in  the  60  to 
20,  000  cps  range. 


When  the  transformer  is  used  to  measure  static 
displacements  or  to  sense  linear  motion  which  does  not  include  oscil¬ 
latory  components  above  approximately  6  cps,  the  common  60  cps  power 
frequency  is  generally  convenient.  The  400  cps  aircraft  power  fre¬ 
quency  is  widely  used  and  highly  suitable  for  many  applications. 

Accurate  response  to  vibration  and  rapid  mech¬ 
anical  movement  requires  the  use  of  an  excitation  frequency  at  least 
ten  times  the  highest  frequency  present  as  a  component  of  the  mechani¬ 
cal  motion,  preferably  higher. 

Many  differential  transformers  have  been  designed 
for  a  conservative  nominal  input  rating  of  6.  3  volts.  Low  power  at  this 
voltage  is  readily  obtained  from  standard  filament  transformers  and  re¬ 
gulated  power  sources  commonly  supplied  as  components  for  electronic 
equipment. 


The  excitation  power  required  to  produce  useful 
sensitivity  in  different  t^-pes  of  transformers  varies  with  transformer  size 
and  application.  In  many  applications,  this  power  is  only  a  fraction  of  a 
watt.  In  practice,  this  power  is  usually  limited  by  the  maximum  hot  spot 
temperature  produced  within  the  primary  v.'inding  under  the  maximum 
ambient  temperature  condition  of  the  particular  application.  Due  to  the 
high  reluctance  of  the  magnetic  path,  core  saturation  generally  does  not 
occur  with  any  current  value  which  would  not  eventually  overheat  the 
primary  v/inding. 


When  a  differential  transformer  is  excited  at  a 
fixed  voltage,  the  primary  current  will  vary  downward  with  increasing 
frequency.  As  the  heating  effect  is  proportional  to  tlie  square  of  the  cur¬ 
rent  for  all  practical  purposes,  the  maximum  input  voltage  may  be 


1  28  Ibid,  ,  p,  7. 
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increased  at  higher  frequencies  by  the  amount  required  to  inaiiU.iin  the 
primary  current  at  a  fixed  value,  up  to  tlie  absolute  maximuni  \oltage 
limit  for  tlm  winding  and  circuit  insulation. 

A  constant-current  power  source,  rather  than  a 
constant-voltage  source,  is  often  preferable  for  accurate  operation, 
particularly  when  using  an  input  level  which  produces  a  substantial  temp¬ 
erature  rise  in  the  transformer.  A  constant-current  source  eliminates 
any  output  variation  directly  due  to  the  normal  primary  resist.ince  varia¬ 
tion  with  temperature.  This  primary  resistance  variation  is  imjiortant 
at  low  frequencies,  but  may  be  insignificant  at  high  frequencies  whore 
the  impedance  is  principally  inductive. 

(6)  Phase  Cliaracteristics  (Ref.  1Z9) 

The  phase  angle  of  tlie  outptit  voltage  witli  respect 
to  the  input  voltage  has  two  values  differing  by  180",  depending  on  whetlicr 
the  core  is  on  one  side  of  null  or  the  other.  Wlien  not  otherwise  specified, 
the  phase  angle  is  usually  understood  to  mean  the  one  which  is  closer  to 
zero. 

Generally,  the  phase  angle,  as  defined  above,  is 
between  -20“  and  +75“,  depending  on  the  type  of  transformer,  the  fre¬ 
quency,  load,  and  other  factors.  An  approximate  caicuiation  of  niiase  angle 
is  fairly  simple-  Taking  the  input  voltage  as  the  reference,  the  phase  of 
the  primary  current  is  the  angle  whose  tangent  is  -ZtrfLp/Rp,  where  f  is 
frequency,  Lp  and  Rp  are  the  known  values  of  primary  inductance  and  re¬ 
sistance  respectively,  and  the  negative  sign  indicates  that  the  current  lags 
the  voltage.  The  electromotive  force  generated  in  the  secondary, leads 
the  primary  current  by  90";  hence,  the  phase  of  tills  c  nf  is  readily  calcu¬ 
lated.  If  the  output  load  is  a  very  high  impedance,  the  output  voltage  is 
practically  equal  to  the  emf  both  in  amplitude  and  in  phase..  If  not,  the 
phase  of  the  output  voltage  appearing  across  the  load  can  be  calculated  by 
elementary  ac  circuit  theory  if  the  secondary  resistance  and  inductance 
are  known. 

The  phase  angle  calculated  by  the  above  simplified 
procedure  is  only  approximate  because  it  ignores  the  "reflected  impedance" 
of  the  secondary  circuit  which  modifies  the  primary  impedance.  However, 
because  of  the  loose  coupling  between  primary  and  secondary,  this  effect 

129  Ibid. ,  p.  8. 
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is  siiiall  except  possibly  at  high  frequencies.  The  efloct  of  windini;  capa¬ 
citance,  which  has  been  ignored  but  wliich  is  always  present  to  some  extent, 
may  also  become  appreciable  at  high  frequencies. 

An  equivalent  circuit,  based  on  the  simplifying  as¬ 
sumptions  mentioned  above,  is  shown  in  Figure  2-11. 


NOTE:  Emf  leudi  1, 

|.  in  phosc  by  90  . 

—  secondary  resfjtonce 

Ij.  primary  current 

--  socondory  inductance 

Rj.  primary  reiittotice 

Zj  loqd  impedence 

Ij,  r.T  primary  indoctonce 

Fig.  2-11.  Equivalent  Circuit  (Simplified) 

Displacement  of  the  core  causes  a  shift  in  the  out¬ 
put  phase  angle,  but  this  shift  is  usually  very  small  (of  the  order  of  1 " ) 
within  the  linear  range. 

Normally,  as  the  core  passes  througli  the  null  point, 
the  output  phase  changes  abruptly  by  180".  However,  under  unusual  condi¬ 
tions  of  high  minimum  balance  voltage  (or"null"  voltage),  such  as  might  be 
caused  by  masses  of  metal  located  close  to  the  transformer,  the  180"  phase 
reversal  is  not  abrupt  but  takes  the  form  of  a  gradual  phase  shift  in  the  vicin 
ity  of  the  null  point.  At  the  null  point,  the  phase  angle  differs  by  90"  from 
the  two  phase  angles  obtained  at  appreciable  distances  on  both  sides  of  null. 

The  phase  relationships  mentioned  in  the  preceding 
paragraph  are  illuatiated  in  Figure  2-12.  'I'lie  vector  OP  represents  tlic 
input  (primary)  voltage.  OSj  and  OS^  represent  the  output  voltage  at  tlic  two 
opposite  ends  of  the  linear  range.  O^q  represents  the  minimum  output  vol¬ 
tage,  which  occurs  at  the  "null"  point.  The  other  solid-line  vectors  repre¬ 
sent  the  output  voltage  for  intermediate  disi^lacernents.  The  magnitude  of 
the  minimum  voltage  OS^  has  been  greatly  exaggerated  in  the  figure  for 
purposes  of  illustration.  The  dotted  line  represents  the  output  of  a  perfectly 
balanced  differential  transformer  liaving  zero  minimum  voltage,  OT and 
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Fig.  2-12.  Output  Phase  Angles  for  Various  Core  Positions 

(amplitude  of  null  voltage  exaggerated  for  clarity) 


OT2  being  the  output  voltages  at  the  ends  of  the  linear  range.  The  line 
passes  through  zero  and  the  phase  changes  abruptly  by  180“  at  that  point. 

Iii  many  applications,  the  output  phase,  angle  is 
of  no  importance.  In  some  applications,  however,  it  is  desirable  to  make 
the  angle  small  or  zero.  Generally  speaking,  an  increase  in  frequency 
will  reduce  the  phase  angle,  and  in  some  cases,  the  desired  phase  angle 
may  be  obtained  by  suitable  selection  of  frequency. 

In  other  cases,  a  simple  circuit  modification  can 
be  used  effectively  to  give  zero  output  phase  angle.  T^qjical  corrective 
circuits  are  shown  in  Figure  2-13.  The  choice  of  circuit  and  of  component 
values,  depends  on  the  type  of  transformer,  the  application  in  which  it  is 
used,  and  the  characteristics  desired,  such  as  maximum  sensitivity- 
minimum  variation  of  phase  with  frequency,  or  minimum  variation  of  phase 
with  core  displacement. 
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Fig.  2-13.  Practical  Circuits  for  Reduction  of  Phase  Angle 
b.  Synchros  (Ref.  130) 

Synchros  are  motor-like  devices  to  translate  angular  position 
to  electrical  signals  or  vice-versa.  Although  the  class  of  transducers  which 
includes  synchros  and  resolvers  is  not,  in  a  strict  sense,  a  part  of  the  tele¬ 
metry  transducer  group  of  instruments,  it  is  a  transducer  class  which  is 
often  involved  in  a  telemetry  system  in  a  secondary  manner.  This  can  be 
illustrated  by  the  hypothetical  application  illustrated  in  Figure  2~14.  In  this 
application,  a  missile  control  system  functions  according  to  the  position  of 
a  certain  surface.  The  control  system  operation  is  based  on  the  position,  9, 
which  is  obtained  from  a  synchro  transmitter-control  transformer  follow-up 
servo  and  the  sine  of  the  angular  position,  sin  0,  which  is  obtained  from 
the  resolver.  It  is  desired  to  telemeter  both  of  these  input  functions  to  some 
location  as  a  check  on  the  control  system  operation. 

The  resolver  output,  Ej  sin  0,  is  an  ac  voltage  (usually  60  or 


130  "Synchros,  "  Electromechanical  Components  and  System  Design, 
Vol.  Ill  (February,  1959),  p.  51. 
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40f  cps)  which  can  be  used  directly  to  drive  a  voltage  controlled  oscillator 
of  an  FM/FM  telemetry  system.  Since  the  synchro  control  transformer 
presents  a  mechanical  outpi-t,  this  must  be  converted  by  the  use  of  a  sC" 
coad  transducer  (potentiometer  or  encoder)  to  obtain  an  electrical  output 
which  is  a  function  of  the  input  angle,  6.  This  electrical  output  can  then 
be  used  to  drive  a  voltage  controlled  oscillator  for  FM  modulation  or  the 
encoder  output  can  be  used  for  a  PCM/FM  telemetry  system. 

(1’  General 

There  are  two  essential  types  of  synchros.  The 
first  of  these,  the  simplest  but  least  commonly  used,  is  the  group  of 
torque  synchr  os  which  can  transmit  angles  directly  without  the  use  of 
additional  servomechanism  components.  Where  light  loads  are  to  be  an¬ 
gularly  driven,  such  as  pointers  and  remote  indicators,  torque  synchros 
are  satisfactory.  However,  because  angular  error  depends  upon  output 
shaft  loading,  they  are  inadequate  for  appreciable  loads.  Furthermore, 
their  nature  requires  that  they  operate  quite  hot  and  at  high  flux  densities, 
introducing  angular  inaccuracies.  These  units  will  not  be  considered 
further  in  this  text. 


More  important  are  the  control  synchros,  in¬ 
cluding  three  basic  types:  the  synchro  control  generator,  the  control 
differential  generator,  and  the  control  transformer.  These  are  inter¬ 
connected  by  simple  wiring,  with  electrical  energy  applied  only  at  the 
input  terminals  to  the  synchro  control  generator.  The  synchro  generator 
converts  its  shaft  ang  .e  to  a  set  of  electrical  voltages.  The  differential 
generator,  energized  by  the  synchro  generator,  has  output  windings  which 
in  turn,  energize  a  control  transformer.  The  shaft  angle  of  the  differential 
generator  adds  to,  ot  subtracts  from,  the  input  shaft  setting  of  the  control 
generator.  The  control  transformer  receives  signals  from  the  generator 
or  the  differential  generator  and,  by  means  of  a  servomechanism,  is 
driven  to  a  null  depending  upon  the  shaft  position  of  generator  and  differen- 


tis.!  gsnsrHtorc  THs  control  trs-nsfoi’inor  3.  oiitpnt  v/liicli 


develops  an  error  signal  proportional  to  the  sine  of  the  angle  of  its  shaft 
displacement  from  correspondence  with  generator  and  differential  genera¬ 
tor  angles.  This  error  is  amplified  to  drive  a  servo  motor  which  in  turn 
drives  the  control  transformer  and  any  other  additional  load  to  a  null  posi¬ 
tion. 
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Control  synchros  are  used  with  a  servo¬ 
mechanism.  Output  energy  is  supplied  by  the  servomechanism,  permit¬ 
ting  torque  multiplication. 

Figure  2-15  shows  a  typical  angle  transmission 
system  incorporating  a  transmission  generator,  a  differential  generator, 
and  a  control  transformer,  as  well  as  a  servomechanism  for  driving  the 
output  angle.  The  figure  indicates  how  this  system  works.  Where  re¬ 
quired,  additional  control  transformers  can  be  connected  to  the  genera¬ 
tor  or  differential  generator,  or  additional  differential  generators  may  be 
inserted  in  chains.  A  great  variety  of  practical  configurations  may  be 
assembled  for  specific  use.  Because  of  transient  coupling  as  well  as  in¬ 
creased  errors,  torque  synchros  are  seldom  iised  with  control  synchros. 


Fig,  2-15.  Synchro  Angle  Transmission  System  Incorporating  a 
Synchro  Generator,  E'ifferential  Generator,  and  Synchro  Control 
Transformer.  The  generator  translates  the  line  voltage  excitation 
to  a  flux  field  whose  orientation  with  respect  to  its  three-phase 
secondary  winding  is  determined  by  its  shaft  angle,  0G.  The  single - 
phase  field  in  the  DG  primary,  which  is  the  resultant  of  the  three 
input  currents,  maybe  reorien  ed  by  adjustment  of  0DG.  The  CT  is 
positioned  to  correspond  to  9G  -  0DG  by  the  servo-system  shown 
in  the  figure. 

(2)  Principle  of  Operation 

Although  variations  exist,  Figure  2-16  shows  the 
common  arrangement  of  magnetic  .circuits  within  a  synchro.  The  stator 
incorporates  a  three-phase  winding.  (However,  it  should  be  remembered 
that  only  single-phase  line  power  is  applied.  )  The  generator  rotor  may  be 
a  salient  pole  or  conventional  wound  rotor,  incorporating  a  single  phase 
winding.  Sometimes  a  short-circuited  winding  is  applied  at  right  angles  to 
the  main  rotor  winding  to  improve  accuracy.  However,  its  role  is  not 
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Fig.  2-16.  Synchro  Simplified  Diagram.  This  depicts  how 
the  input  voltage  applied  to  the  rotor  winding  of  a  synchro 
generator  induces  secondary  voltages  in  tlie  three-phase 
output  winding  which  vary  sinusoidally  with  shaft  position. 

fundamental  and  it  will  not  be  considered  here  further- 

The  differential  generator  has  a.  three-phase  stator 
and  a  three-phase  rotor  winding.  It  is  distinguished  from  both  the  genera¬ 
tor  and  the  control  transformer  by  the  three  slip  rings  necessary  to  make 
coupling  with  the  output  brushes.  Windings  are  arrayed  on  the  motor-like 
magnetic  lamination  stacks  and  generate  fields  similar  to  those  shown  in 
Figure  2-16.  This  figure,  in  simplified  form,  shows  the  ideal  operating 
condition  in  a  synchro  transmission  system.  Because  each  synchro  re¬ 
presents  a  balanced  load,  additional  synchros  on  the  system  do  not  change 
the  basic  theory  of  operation. 

(3)  Accuracy 

(a)  Static  Errors 

Synchro  accuracy  is  affected  by  design  and 
manvifacturing  errors.  Transmission  accuracy  can  vary  from  about  5  to 
30  minutes  of  angle,  with  instances  of  both  better  and  worse  accuracy  oc¬ 
curring.  Accuracy  is  generally  improved  in  larger  units,  or  units  opera¬ 
ting  at  higher  frequency,  such  as  400  cycles  rather  than  60  cycles.  The 
riiOfe  iiijpuriaiit  factors  determining  accuracy  are  the  roundness  and  sym¬ 
metry  of  the  magnetic  circuit  elements,  and  the  uniformity  and  balance  of 
the  three-phase  windings.  Factors  tending  to  produce  unbalance  or  dis¬ 
symmetry  introduce  errors.  Iron  in  the  magnetic  circuit  is  of  highest  im¬ 
portance,  requiring  use  of  high  nickel  alloys  with  very  high  permeability. 
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These  alloys  are  carefully  annealed  and  assembled  so  as  to  eliminate 
strains  or  grain  effects  which  tend  to  introduce  dissymmetry. 

Since  the  windings  generate  the  magnetic 
fields,  layout  of  the  coils  is  extremely  important.  The  choice  of  slot 
combination,  turns  per  slot  skew,  and  the  shape  of  salient  pole  struc¬ 
tures,  are  design  factors  affecting  the  sinusoidal  flvix  distribution. 

The  nature  of  the  angular  error,  par¬ 
ticularly  the  frequency  of  repetition  in  a  360°  period,  is  a  function  of 
its  origin.  Table  2-2  tabulates  the  errors  occurring  in  a  synchro  sys¬ 
tem,  identifying  the  sources.  Figure  2-17  shows  a  typical  error  curve 
for  a  synchro  transmission  system. 


MAXIMUM  ERROR  POINT 


Fig,  2-17.  Typical  Error  of  Synchro  Transmission  System. 
For  discussion  of  the  composition  of  this  error  curve,  see 
Table  2-2. 


(b)  Velocity  Errors 

In  addition  to  the  static  errors  discussed 
above,  synchros  are  subject  to  an  error  due  to  rotational  velocity.  Thus, 
if  the  rotors  of  a  generator  and  control  transformer  are  aligned  to  pro¬ 
duce  essentially  zero  error  output,  and  if  the  rotors  are  then  rigidly 
coupled  together,  so  that  there  can  be  no  relative  motion  betv/een  them, 
and  if  then  the  two  synchros  are  rotated  together,  a  voltage  will  appear  at 
the  control  transformer  terminals.  This  voltage  will  consist  in  part  of 
components  due  to  the  static  errors  discussed  above,  but  there  is  also 
a  steady  component  that  increases  with  speed.  Hence,  if  the  two  synchros 
are  vised  in  a  servo  system  that  tends  to  null  the  in-phase  component  of 
the  output  voltage,  the  output  tends  to  run  slightly  behind  the  input  when  a 
constant  velocity  input  signal  is  applied.  This  velocity  error  is  an  addition 
to  the  error  normally  found  in  servo  systems  having  velocity  lag.  These 
output  errors  occur  in  the  high-speed  synchros  of  a  multi-speed  synchro 
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Table  2-2.  Error  Components  in  Synchro  Transmission  Systems 


The  error  pattern  of  a  synchro-transmission  system  (error  versus 
shaft  position)  may  be  analyzed  into  its  Fourier  Components.  These 
will  have  a  periodicity  which  may  be  expressed  in  cycles  per  complete 
synchro  revolution.  In  general,  the  pattern  of  quadrature  residual 
voltage  will  have  a  similar  appearance,  the  relative  magnitude  being 
determined  by  the  source  of  the  error. 

Error  Comp. 

Origin 

Possible  Cause 

One  cycle 

Rotor  eccentricity 

Manufacturing  inaccura¬ 
cies,  purely  random. 

Two  cycle 

Unbalance  in 

3 -phase  circuitry 

Stray  capacitance  or  re¬ 
sistance  in  line,  elliptical 
stator  air-gap,  stray  line 
coupling.  Random 
occurrence. 

> 

also  12,  18,  etc. 
cycles 

•NT _ - - 

flux  waves. 

Common  error  pattern  in 
many  synchros  due  to 
harmonics  generated  by 
the  windings.  Uniform 
error  pattern  for  spe¬ 
cific  synchro  designs. 

Slot  Errors 

Non-  sinusoidal 
flux -wave. 

Error  pattern  due  to  slot 
combinations  in  synchros. 
Less  important  with  m- 
creased  number  of  slots. 
Minimized  by  proper 
skewing.  Uniform  error 
pattern  for  specific  syn¬ 
chro  designs. 
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system.  They  are  significant  when  the  synchro  system  is  operating 
higher  than  about  1  / 3  of  synchronous  speed. 

c.  Electrical  Resolvers  (Ref.  131) 

(1)  General 

Electrical  resolvers  are  small  motor-like  com¬ 
ponents  in  the  same  family  as  synchros.  They  differ  from  synchros  in 
tlxat  they  have  two  input  windings  and  two  output  windings  on  the  rotor 
and  stator  respectively.  The  windings  on  each  member  are  distributed 
at  right  angles  to  one  another  so  that  individual  rotor  windings  and  stator 
windings  do  not  interact  among  themselv'-es.  The  resolver  is  represented 
schematically  as  shown  in  Figure  2-18.  The  unit  generally  has  four  slip 
rings  and  brutih  assemblies  providing  electrical  contact  to  rotor  windings. 
T'or  transducing  application,  only  one  set  of  slip  rings  may  be  required, 
or  in  many  instances  w'here  angular  travel  is  limited,  pigtail  connections 
ma.y  be  provided. 


INPUTS  OUTPUTS 

Es,  E(,j-EsjCOSf-Es^5INS 

Esj  e*j-E5,CO»8*EsjIinS 

e 

Fig.  2-18.  Schematic  Representation  of  the  Electrical  Resolver 

When  a  resolver  primary  winding  is  excited,  voltage 
is  generated  in  the  opposing  windings,  varying  as  a  sinusoidal  function  of 
shaft  position.  Since  the  windings  are  distributed  at  90”  to  one  another  on 


both  rotoz'  aad  stator,  output  voltages  constitutiug  sine  and  cosine  functions 
of  shaft  angle  are  generated.  Simultaneous  application  of  voltage  to  both 
primaries  causes  a  resultant  magnetic  field  whose  magnitude  corresponds 
to  the  square  root  of  the  sum  of  the  squares  of  the  separately  applied  vol¬ 
tages  and  whose  angular  orientation  depends  on  the  vector  resultant  of  the 
separate  applied  voltage  vectors.  Because  of  these  properties,  a  resolver 
is  directly  applicable  to  problems  involving  trigonometry,  such  as  the  con¬ 
version  of  coordinates,  rotation  of  coordinates  and  in  most  computing  ap¬ 
plications  where  trigonometric  functions  appear.  Resolvers  are  especially 
suited  to  fire-control  problems  in  which  a  good  deal  of  the  computation  is 
necessarily  based  upon  trigonometry-  Here,  however,  we  will  not  consider 
these  applications  of  the  resolver,  but  rather  its  use  as  a  transducing  ele¬ 
ment. 

Many  variations  of  the  resolver  exist.  Resolvers 
may  serve  as  four-wire  synchro  systems  where  accuracies  of  the  order  of 
several  minutes  are  required.  Large  diameter  units,  having  many  poles, 
which  can  be  regarded  either  as  resolvers  or  synchros,  sometimes  called 
"pancake  units,  "  are  frequently  found  as  transducer-type  sensors.  Sixty- 
cycle  resolvers  as  well  as  400-cycie  resolvers  are  available,  the  former 
being  considerably  larger  than  the  latter.  Resolvers  are  also  available  for 
application  vip  to  many  kilocycles. 

(2)  Errors 

The  resolver  is  particularly  well-suited  to  mea¬ 
surement  of  a  limited  angular  travel.  The  absence  of  resolution  steps 
makes  it  possible  to  detect  motions  of  che  order  of  several  seconds  of  arc. 
Many  errors  that  arise  as  a  result  of  mechanical  irregularities  such  as 
eccentricity  of  rotor  and  stator,  ellipticity  of  the  critical  magnetic  air  gap 
surfaces,  or  similar  departures  from  ideal,  may  be  balanced  out  over  a 
small  angular  range  by  careful  trimming  and  adjustment  of  scale  factor. 

This  is  feasible  because  errors  from  these  sources  vary  slowly  and  may  be 
assumed  constant  or  linearly  varying  over  small  ranges. 

For  small  angle  applications,  the  most  serious  error 
is  shift  in  the  axis  or  null  point.  The  axis  drifts  as  a  result  of  changi.ig  con¬ 
ditions,  primarily  temperature.  Drift  of  the  order  of  one  minute  of  arc  is 
not  uncommon.  Where  the  total  angular  span  is  of  the  order  of  several  de¬ 
grees,  drift  may  be  a  significant  portion  of  the  overall  error. 
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Additional  angular  errors  resulting  from  slot 
harmonics  within  the  resolver  air  gap  also  occur.  Although  by  careful 
winding  design,  it  is  possible  to  reduce  most  air  gap  harmonics  to  zero, 
slot  harmonics  can  be  reduced  just  so  far,  the  minimum  error  depending 
roughly  on  the  iirverse  square  of  the  number  of  slots.  In  small  resolvers 
with  few  slots,  these  harmonics  may  introduce  as  much  as  a  minute  or 
two  of  error  with  consequent  angular  inaccuracy.  Scale  factor  or  output 
voltage  per  unit  displacement  may  vary,  introducing  additional  error. 

While  scale  f.actor  may  be  trimmed  to  an  exact 
value  for  a  given  set  of  operating  conditions,  variations  in  temperature, 
line  frequency,  and  to  some  extent  input  voltage,  will  cause  changes. 
Temperature  errors,  the  most  troublesome,  are  frequently  compensated 
by  the  use  of  thermistors.  In  many  instances,  although  not  particularly 
in  transducer  applications,  booster  amplifiers  employing  feedback  com¬ 
pensation  are  used  to  maintain  constant  input -output  phase  shift  and 
scale  factor  over  varying  conditions. 

A  particularly  troublesome  source  of  error  for 
small  angular  ranges  is  residual  voltage,  occurring  in  all  electromagne¬ 
tic  components.  Residual  voltage  appears  at  the  null  position  and  deter¬ 
mines  the  maximum  gain  to  which  the  control  amplifiers  may  be  set 
without  saturation.  Residual  voltage  includes  both  fundamental  and  har¬ 
monic  components.  Various  circuits  have  been  devised  to  cancel  out  the 
former.  Harmonics  are  minimized  by  selecting  optimum  magnetic  ma¬ 
terials,  operating  these  at  very  low  flux  densities,  and  maintaining  large 
air  gapso  Filtering  provides  further  attentuation,  but  attention  must  be 
given  to  avoid  time  delays  which  can  affect  system  stability. 

Table  2-3  summarizes  the  errors  that  can  occur 
in  electrical  resolvers.  These  are  typical  of  errors  found  in  all  magne¬ 
tic-type  pick-offs.  This  classification  of  errors  is  required  to  prepare 
an  accurate  specification  by  avoiding  over-specifying  certain  aspects  of 

T-»  o  >• -f -n  r' 1  <=«  i  rt  ri  rt  T*  i  n  rr  fVi  <=»  mnl  .  tioIp  frf'fm  fTi  p  t;^l")lp 
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the  effect  of  varying  input  voltage  on  the  transmission  ratio  of  the  resolve 
This  varying  input  voltage  varies  magnetic  core  permeability  and  conse¬ 
quently,  the  main  coupling  reactance,  changing  the  resolver  transmission 
ratio.  While  booster  compensation  can  correct  this,  boosters  are  bulky 
and  expensive  and  introduce  considerable  circuit  complexity.  However, 
other  methods  of  resolver  compensation  cannot  correct  this  particular 
error. 
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Table  2-3.  Sources  of  Errors  in  Electrical  Resolvers 


Mi*4aligiiiii4‘n(  of  :i\«>  of  r<Hl>,  <liio  io  iiiijx’rfi'rt 
g4'oinolry 

SUiwIv  viirylng  errors,  iltio  to  iiii|K‘rf«*ol  pfonuMry, 
of  ratii>  ^ith  appliiMl  volta^f'. 

'rciiiporaluro  c'frors,  primary  o(>|ip4*r  r4*'»i!».laiir«*. 

Fri'qiioiicy  errors,  Iratisinivsion  rnlio  an<i  pliaso,  ns  nitli 
any  iransfonner. 

Angular  iiiarcurury,  resullinir  from  iiiiperfeci  siiiiisot* 
(iiility  of 

Application  errors,  due  to  unbalanced  or  lum-standard 
loading,  primary  impedance  uiibiilanee,  pick>up,  ctc< 


Figure  2-19  shows  the  variation  in  transmission 
ratio  as  a  function  of  applied  voltage  for  a  typical  resolver.  At  very  low 
input  voltage  where  the  magnetic  material  permeability  approaches  its 
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initial  value,  transmission  ratio  variation  is  most  pronounced.  At  the 
-!  high  voltage  extreme,  saturation  sets  the  operative  limit.  By  restricting 

voltage  range  and  using  very  high  permeability  alloys,  such  as  Supermalloy, 
^  it  is  possible  to  hold  these  errors  to  acceptable  limits.  Where  transducers 

^  operate  at  essentially  constant  voltage,  this  problem  does  not  exist. 
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Note  that  the  resolver  has  an  error  unique  to 
itself,  namely  the  alignment  of  the  axes  of  the  different  coils-  These 
axes  should  be  precisely  90“  apart.  Achievement  of  an  exact  90“  is 
very  difficult.  Auxiliary  trimming  coils  have  been  used  with  some  suc¬ 
cess.  Axis  alignment  is  affected  by  line  voltage  variations  as  the 
changing  magnetic  core  permeability  causes  a  corresponding  though 
small  shift  in  the  flux  axis.  Because  axis  alignment  is  difficult  to  con¬ 
trol,  and  because  not  all  resolver  applications  require  four  active  coils, 
it  is  often  economical  to  classify  production  resolvers  in  accordance 
with  the  number  of  properly  aligned  windings.  Thus,  a  grade  A  resolver 
might  have  excellent  alignment  while  a  grade  C  would  have  poorer  align¬ 
ment  of  axis.  Grade  C  units  might  be  used  where  only  one  input  and  one 
output  winding  are  required,  so  that  axis  misalignment  causes  no  deteri¬ 
oration  whatever  in  quality  of  performance.  This  is  strictly  for  economy, 
and  complicates  stocking  of  spare  parts. 

d.  Induction  Potentiometers  (Ref.  132) 

(1)  General 

Induction  potentiometers  belong  to  that  family  of 
rotating  components  that  include  synchros  and  resolvers.  They  are  dis¬ 
tinguished  by  their  single  input  winding  and  single  output  winding.  Where 
additional  windings  arc  provided,  they  are  used  solely  for  balancing  im¬ 
pedances,  and  do  not  have  a  directly  functional  role.  Although  they  are 
used  principally  as  a  computing  element,  we  consider  here  their  use  only 
as  a  transducer.  Their  linear  output  voltage  versus  shaft  angle  charac¬ 
teristics  provide  high  accuracy,  good  stepless  resolution,  and  particularly 
good  performance  in  comparison  with  conventional  potentiometers  for 
equivalent  diameters  and  angles  of  rotation.  An  important  characteristic 
of  the  induction  potentiometer  to  note  is  that  its  output  impedance  is  not 
constant  with  the  result  that  loading  affects  angular  accuracy. 

ITigure  2—20  shows  the  perforinauce  of  the  iiuluction 
potentiometer  indicating  the  nature  of  the  magnetic  field,  the  rel-itionship 
between  input  and  output  windings,  and  one  technique  whereby  a  linear 
function  of  shaft  angle  is  achieved'.  Other  combina'ions  of  windings,  not 
described  here,  achieve  a  similar  result.  Although  capable  of  infinite 
rotation,  the  induction  potentioineter  operates  over  a  limited  angular 

132  Ibid.  ,  pp.  58-59 
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PRIMARY  COIL 


(The  air  gap  flux  is  distributed  uniformly  in 
the  salient  region  of  the  rotor  structure.  Thus, 
in  the  position  shown,  the  primary  to  secon¬ 
dary  coupling  will  vary  linearly  with  rotor 
shaft  position.  ) 

Fig.  2-20.  Relationship  Between  Windings  and  Magnetic  Field 
in  an  Induction  Potentiometer,  to  generate  a  linear  voltage- 
displacement  characteristic. 


range.  The  circuit  shown  in  the  figure  covers  a  useful  angle  of  about 
60  to  70".  Accuracy  deteriorates  badly  for  angles  beyond  this  value. 
Induction  potentiometers  have  been  devised  with  operating  angles  up 
to  double  this  figure,  but  they  exhibit  other  performance  limitations. 

(2)  Refinements 

To  illustrate  iii<.»re  specialized  techniques  required 
for  good  performance  in  transducers  of  this  type,  note  the  following  in 
Figure  2-21; 


1.  To  achieve  a  square  flux  wave,  a  special 

booster  coil  is  provided  in  the  center  of 
the  main  coil  to  raise  the  flux  level  where 
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FOR  MORE  UNIFORM 
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Fig.  2“21.  More  Complex  Induction  Potentiometer  Circuit, 
showing  refinements  required  for  good  performance. 


the  normally  greater  reluctance  of  the 
magnetic  path  tends  to  produce  a  dip  in 
flux  density. 

2.  A  pair  of  balanced  secondary  wiiidings  is 
provided  90*'  apart.  By  symmetrically 
loading  these  windings  even  when  only  one 
output  is  required,  the  primary  impedance 
becomes  far  less  sensitive  to  loading  with 
greatly  reduced  linearity  error  from,  this 
source. 

3.  A  symmetrical  second  winding  is  provided 
on  the  primary  structure  90''  from  the  in~ 
put  winding.  This  wiuuing  is  normally 
short'-circuited  providing  some  of  the  bene¬ 
fits  described  below. 

With  a  single  primary  coil,  the  output  impedance 
varies  from  a  minimum,  when  the  coil  is  coupled  directly  to  the  output 
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winding  for  rnaximum  output,  to  a  maximum  90“  away.  Use  of  a  short- 
circuited  quadrature  winding  minimizes  itnpedance  variation  so  that  the 
output  impedance  is  a  maximum  at  45“.  Variation  in  output  impeda.nce 
is  reduced  by  this  means  by  3,  4,  or  5  to  1.  Where  a  limited  angular 
travel  of  about  45“  is  required,  a  properly  distributed  winding  at  90“ 
to  the  main  winding,  distributed  approximately  sinusoidally,  results 
in  an  output  impedance  independent  of  shaft  position. 

An  additional  benefit  of  the  shorted  quadrature 
windings  on  the  primary  structure  (both  in  the  induction  potentiometer 
and  the  resolver)  bcsid.es  maintaining  output  impedance  constant,  is 
the  reduction  in  flux  axis  shift  due  to  housing  distortion,  mechanical 
dissymmetry,  temperature  changes, and  aging.  The  shorted  quadrature 
winding  cancels  quadrature  flux  resulting  from  dis symmetry  by  genera¬ 
ting  flux  bucking  currents. 

(3)  Applications 

Application  of  the  induction  potentiometer  is  very 
similar  to  application  of  the  resolver  as  a  transducer,  except  that  here, 
as  a  result  of  the  linearity  characteristics,  a  much  wider  angular  range 
can  be  covered.  Induction  potentiometers  possess  long  life,  \  ry  low 
noise,  a  stepless  output, and  can  operate  at  very  high  speeds.  V'ery  im¬ 
portant  application  in  the  computing  field  is  not  covered  here  since  we 
are  confir.ing  our  topic  to  transducer  applications.  As  with  resolvers, 
the  effect  of  changing  air  gap  rehictance,  as  a  result  of  iron  permeability 
variat’ons  with  temperature  or  flux  level,  the  effect  of  frequency  shift, 
temperature  effects  on  the  copper  winding,  etc.  ,  are  very  similar  to 
those  previously  discussed.  Thermistor  compensation  is  a  convenient 
method  for  correcting  temperature  errors  in  inauction  potentiometers. 

e .  Electronic  Di.oplacement  Transducers 

(1)  Moving  Anode  Transducer 

The  plate  current  in  a  space-charge -limited  va¬ 
cuum  tube  is  a  function  of  the  electrode  geometry.  Small  displacements 
can  be  measured  with  a  tiiode  .system  as  illustrated  below.  A  device  of 
this  type  is  the  Mechano-Elect tonic  Transducer,  RCA  Tube  5734,  illus¬ 
trated  in  Figure  The  cathode  and  grid  assembly  are  held  in  a 

fixed  position  v/ithin  a  vacuum-tight  envelopie,  the  anode  is  supported  by 
a  rod  wliich  extends  through  the  center  of  a  thin  metal  diaphragm  sealed 
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Fig.  2-22.  Moving  Anode  Transducer 


to  the  tube  envelope.  An  angular  displacement  of  this  rod  leads  to  a  var¬ 
iation  of  the  plate  current.  The  transfer  characteristic  is  linear  within 
about  2%.  The  maximum  periTiissible  displacement  of  the  rod  is  H:0.  5" 
about  the  zero  position.  For  this  displacement,  a  torque  of  13.  3  g-cm 
is  required.  The  moment  of  inertia  of  the  moving  system  is  3.  4  mg-cm^. 
The  frequency  response  is  limited  by  the  mechanica.1  resonance  of  the  part 
of  the  plate  shaft  within  the  tube,  which  is  about  12,  000  cps.  The  tube  is 
generally  operated  in  the  bridge  arrangement  shown  in  Figure  2-23, 


Fig.  2"23.  Circuit  Foi-  RCA  5734  Transducer 
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The  maximum  displacement  of  the  anode  rod 
by  0.  5®  results  in  a  variation  of  the  output  by  ±20  volts.  Mechano- 
electronic  transducers  are  delicate,  both  mechanically  and  electrically. 

(2)  Ionization  Transducer  (Ref.  133,  134) 

A  dc  voltage  of  considerable  magnitude  arises 
between  two  electrodes  in  contact  with  a  gas  discharge  caused  by  a  radio 
frequency  field.  This  principle  gives  rise  to  a  transducer  system  which 
permits  conversion  of  mechanical  displacements  and  capacitance  changes 
into  electrical  signals. 


A  glass  tube  filled  with  gas  at  a  pressure  of  about 
10  mm  Hg  and  containing  two  electrodes  is  brought  into  an  electrical 
high-frequency  field  between  the  plates  Pj  and  P2  of  a  capacitor,  as  shown 
in  Figure  2-24.  If  the  field  is  sufficiently  high,  a  glow  discharge  will  a- 
rise  in  the  tube.  The  two  electrodes  A  and  B  act  as  probes  in  the  discharge; 
their  potential  is  determined  by  the  space  potential  of  the  plasma  surround¬ 
ing  each  electrode  and  by  the  rf  potential  induced  by  their  capacitive  coup¬ 
ling  to  the  plates  Pj  and  P2.  In  the  symmetry  position,  the  net  charges  of 
both  electrodes  are  equal,  so  that  their  potential  difference  is  zero.  Out¬ 
side  of  the  symmetry  position,  the  charges  are  different  for  each  electrode 
and  give  rise  to  a  dc  potential  difference.  The  transfer  characteristic,  i.  e.  , 
the  output  voltage  Eq  versus  the  displacement  S,  is  illustrated.  Potential 
difference  can  reach  values  of  more  than  100  volts,  and  A  A  X,  can 
reach  values  up  to  several  volts  per  micron  of  displacement.  For  technical 
reasons,  operation  between  0.  1  and  10  me  is  recommended.  Accurate 
frequency  stability  is  net  required  for  the  operation  of  the  transducer. 

The  preceding  circuit  arrangement  is  useful  for 
displacements  up  to  about  1  mm.  Other  arrangements  are  possible  for  move¬ 
ments  up  to  several  inches. 


133  Decker  Technical  Bulletin  No,  01,  The  Decker  Corporation,  Bala- 
Cynwyd,  Pennsylvania. 

134  Lion,  Kurt  S,  ,  "Mechanic-Electric  Transducer,"  The  Review  of 
Scientific  Instruments,  Vol.  27,  (April,  1956),  pp.  222-225. 
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Fig.  2-24.  Ionization  Transducer 


A  circuit  for  measurement  of  capacitance  is 
shown  in  Figure  2”25.  This  circuit  and  a  variety  of  probes  are  commer 
cially  available  from  the  Decker  Corporation,  Bala-Cynwyd,  Pennsyl¬ 
vania.  The  transducer  is  excited  by  two  external  electrodes.  The  in¬ 
ternal  probe  electrodes  are  connected  to  one  of  the  external  electrodes 
through  a  differential  capacitance.  Every  variation  of  this  capacitor 
causes  a  corresponding  change  (as  high  as  +60  to  -60  volts)  of  the  out 
put  voltage.  Capacitance  changes  of  10”^ ^Farads  or  motions  of  lO”^ 
inches  are  readily  measured. 

By  capacitively  coupling  the  appropriate  probe 
uo  Liie  seiiSui''  con ' igui'aLiOi'i  iii  ^ucstion,  measujTei'i'ients  of  the  following 
parameters  may  be  made:  capacitance,  pressure,  vibration,  proximity, 
rotation,  weight,  liquid  level,  speed,  temperature,  thickness,  strain, 
force,  humidity,  and  displacement. 
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Fig.  2-25.  Capacitance  Measuring  Circuit 

(3)  Radiation  Tracking  Transducer  (Ref.  135) 

This  transducer  is  a  single -element  photovoltaic 
device  that  detects  position  of  visible  to  near  infrared  radiation  simultan¬ 
eously  in  two  axes.  Coupled  with  a  lens  system,  this  solid  state  compo¬ 
nent  is  capable  of  detecting  angular  position  of  a  radiation  source.  An 
example  of  its  operation  is  depicted  in  Figure  2-26.  A  uniform  spot  of 


Fig.  2-26.  Example  of  Radiation  Tracking  Transducer  Operation 


135  "Radiation  Tracking  Transducer  XY-20,  "  (company  brochure), 
Micro  Systems,  Incorporated,  Pasadena,  California. 
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light  focui'  ic!  on  th(^  centcj.  of  tlie  cell  produces  zero  output.  When  the 
spot  is  pc  siticuied  olt'  center  in  the  X  or  Y  axis,  a  voltage  outjmt  is  f>ro~ 
duced  ;?.t  the  >'  or  Y  ti'.rmina'J s  proportional  to  the  degree  of  displacement. 
When  use  i  v/ifh  a  light  source  and  a  reflecting  or  masking  member,  the 
transducer  can  be  adapted  to  such  applications  as  vibration  in  two  co¬ 
ordinates,  acceleration  in  two  co-ordinates,  pressure,  angular  position, 
strain,  and  liquid  or  gas  flow. 

f.  Mechanical -Optical  Transducers  (Ref.  136 

k'^echanical  displacements  can  be  converted  into  electric 
signals  1  y  optic-electrical  means,  for  instance,  by  an  arrangement  con¬ 
sisting  of  an  illuminated  slit  and  a  photoelectrical  transducer;  the  moving 
object  obscures  a  part  of  the  slit  and  causes  a  variation  of  the  light  inten¬ 
sity  reaching  the  photoelectrical  transducer,  and  hence  a  variation  of  the 
transducer  output. 

An  arrangement  of  this  type  which  may  be  used  for  the  con¬ 
version  of  rotary  displacement  into  a  digital  output  is  shown  schematically 
in  Figure  Z'-Zl.  An  optical  system  produces  a  number  of  parallel  light 


Fig.  'Z-Z't.  Shaft  Position  Encoder 


136  Lion,  Kurt  S.  ,  In.struineni-ation  in  Scientific  Research  (Electrical 
Input  Transducers),  New  York;  McGraw  Hill  Book  Co.  ,  Inc-  ,  1959, 
pp.  89-90. 
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beams  which  are  directed  upor  corresponding  photo  transducers.  The 
light  beams  traverse  an  encoder  disc  with  transparent  and  opaque  seg¬ 
ments.  Depending  upon  the  position  of  the  disc,  some  of  the  light  beams 
will  reach  the  photo  transducers  and  cause  an  output  signal;  the  result 
appears  in  binary  digits  (e.  g.  ,  1,  1,  0). 

An  encoder  disc  with  thirteen  concentric  arrays  of  segments, 
for  thirteen-digit  information,  is  shown  in  Figure  2-28.  '  A  disc  of  this 
type  gives  a  different  output  for  each  of  the  2^-^  possible  configurations, 


Fig.  2-28.  Encoder  Disc  for  13  Digits 


i.  e.  ,  it  furnishes  information  of  the  angular-disc  position  with  an  accuracy 
of  360“/89i2,  or  an  angle  of  about  0.044“'.  Systems  of  this  type  have  been 
built  with  discs  of  10"  diameter  having  up  to  seventeen  concentric  segments. 
An  accuracy  as  high  as  ten  seconds  of  arc  has  been  obtained.  Instantaneous 
reading  of  rotating  discs  is  accomplished  by  pulse  operation  of  the  light 
source. 
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These  devices  sense  displacement  from  the  horizontal 
and  are  sometimes  referred  to  as  electrolytic  switches  a.nd  gravity- 
sensing  electrolytic  potentiometers.  Their  basic  construction  con¬ 
sists  of  a  small  sealed  cup  with  two  or  more  electrodes  in  contact 
with  an  electrolyte  which  partially  fills  the  cup.  Two  configurations 
are  shown  in  Figure  2-29. 


Electrolytic  Potentiometers  (Ref.  137,  138) 


Air  Bubble 


Electrode  A 


Electrode  B 


mmm 


Electrolyte  Electrode  C 


Fig.  2-29.  Electrolytic  Potentiometers 


In  the  level  position,  the  electrolyte  covers  an  equal  area 
of  each  electrode.  As  the  switch  is  displaced  from  true  horizontal,  the 
amount  of  electrolyte  covering  the  electrodes  increases  on  one  side  and 
decreases  on  the  other,  creating  a  differential  resistance  or  conducti¬ 
vity.  When  a  given  ac  voltage  is  applied  across  the  unit,  a  differential 
current  flow  is  created  through  the  electrodes,  proportional  to  the  de¬ 
viation  from  level. 


Two  single-axis  potentiometers  may  be  mounted  at  right 
angles  to  one  another  in  order  to  reference  the  horizon  in  two  planes; 
however,  the  two-plane  feature  can  be  built  into  one  unit  by  employing 
four  electrodes.  Operational  schematics  of  single -axis  and  dual-axis 
units  are  shown  in  Figure  2-30. 


137  Product  Data  Sheet  118-3,  Lear,  Incorporated. 

138  EP  1 012  Data  Sheet,  Hamlin,  Incorporated. 
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Single  -  Axis  Dual  -  Axis 

Fig.  2-30.  Operational  Schematics  of  Electrolytic  Potentiometers 

The  electrical  rating  of  such  units  is  determined  principally 
by  their  ability  to  dissipate  heat,  and  the  amount  of  bubbling  at  the  elec¬ 
trodes  that  can  be  tolerated.  As  the  applied  voltage  is  increased,  bubbling 
at  the  electrodes  increases,  and  an  electrolytic  pull  operates  on  the  air 
bubble  to  decrease  the  stability  of  the  potentiometer  resistance,  particu¬ 
larly  near  the  zero  tilt  angle. 

When  dc  is  used,  the  electrolyte  slowly  polarizes,  causing 
a  delay  in  reaching  a  stable  condition.  In  general,  the  operation  is  much 
better  when  ac  is  used. 

2-3  MEASUREMENT  OF  STRAIN 

a.  Introduction  (Ref.  139) 

In  telemetry  engineering,  the  measurement  of  strain  is  per¬ 
formed  through  use  of  electrical  strain  gages.  Therefore,  this  discussion 
is  limited  to  such  gages  and  excludes  all  purely  mechanical  methods  for 
determining  strain  in  materials  and  structures. 

139  Aronson,  M.  H.  and  R.  C.  Nelson,  Strain  Gage  Instrumentation, 
Pennsylvania:  Instruments  Publishing  Co.  ,  Inc.  ,  1958,  pp.  1-6. 
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The  strain  gage  has  importance  as  a  telemetry  transducer 
for  two  reasons.  First,  it  is  a  basic  transducer  in  its  own  right  for  mea¬ 
surements  of  strain.  Second,  numerous  other  transducers,  notably  the 
pressure  gauge  and  accelerometer,  often  employ  a  strain  gage  as  the 
electrical  pickoff.  Since  this  discussion  is  primarily  concerned  with 
strain  measurements,  the  use  of  strain  gages  in  other  types  of  transducers 
is  not  covered  in  the  following  paragraphs. 

Strain  gages  are  transducers  that  are  applied  to  the  surface 
of  materials  in  order  to  sense  the  strain  of  the  material.  The  strain  gage 
is  elongation  sensitive;  that  is,  its  electrical  properties  change  propor¬ 
tionately  to  the  elongation  of  the  gage.  Strain  elongation  (of  the  gage  and 
the  member  on  which  it  is  mounted)  is  usually  small  as  long  as  the  applied 
stress  does  not  exceed  the  elastic  limit  for  a  material.  Stress  is,  by 
definition,  the  applied  force  (F)  divided  by  the  cross-sectional  area  (A)  of 
the  member: 

Stress  =  F/A  (2-E) 

An  applied  stress  produces  a  strain  (dimensional  change)  in 
the  material.  The  relationship  between  stress  and  the  resulting  displace¬ 
ment  is  defined  as  Young's  Modulus (E)  where: 

E  =  unit  stress /unit  strain  (2-5) 

With  stress  expressed  in  pounds  per  square  inch  and  strain 
in  inches  per  inch,  E  has  a  value  of  30,  000,  000  for  steels.  Thus,  a  stress 
of  15,  000  psi  in  a  steel  member  produces  a  strain  of  only  0.  0005  inch  per 
inch  of  length.  If  it  is  desired  to  measure  stress  of  4,  000  psi  with  an  ac¬ 
curacy  of  1%,  the  strain  gage  must  be  sensitive  to  an  elongation  of  1.  3 
millionths  of  an  inch  per  inch  of  gage  length. 

The  most  common  form  of  strain  gage  consists  of  a  short 
length  of  small -diameter  (appruximately  0.  001")  *,vire  of  high  electrical  re¬ 
sistance.  To  keep  the  gage  length  short,  the  wire  runs  the  length  of  the 
gage  several  times.  To  simplify  its  mounting  and  to  protect  it,  the  wire  is 
cemented  between  two  thin  pieces  of  paper.  To  apply  the  gage,  it  can  be 
cemented  to  the  member  to  be  tested;  this  is  a  bonded  resistance-wire 
strain-gage. 

Recently,  the  semiconductor  or  "solid  state"  strain  gage  has 
become  available.  THs  operates  on  the  same  piezoresistive  effect  which 
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applies  to  metal  strain  gages.  This  effect  is  the  name  given  to  the 
change  in  electrical  resistivity  of  a  material  due  to  applied  stress. 
Scientists  at  Bell  Telephone  Laboratories  and  the  Case  Institute  of 
Technology  several  years  ago  noted  that  when  a  semiconductor  crystal 
is  subjected  to  tension  or  compression,  it  undergoes  i  sharp  change 
in  resistance.  In  195  3,  the  piezoresistive  coefficients  of  Germanium 
and  Silicon  were  determined  and  found  to  be  extremely  high.  (Gage 
factors  up  to  175  as  compared  to  2  to  5  for  metallic  wires.  ) 

Strain,  in  engineering  usage  is  defined: 

Strain  =  change  in  length/original  length 
S  =  AL/L  (2-4) 

Strain  gages  indicate  strain  indirectly  --  that  is,  the 
length  change  is  measured  in  terms  of  a  resistance  change.  The  me¬ 
thod,  although  indirect,  is  precise  --  accuracies  to  0.  1%  can  be  ac¬ 
hieved.  Coupled  with  this  accuracy  is  great  application  flexibility. 

When  the  test  member  is  strained,  so  is  the  bonded  gage. 
As  the  wire  is  strained,  its  electrical  resistance  changes.  This  re¬ 
sistance  change  is  directly  proportional  to  the  strain  in  the  v.'irc,  and 
the  strain  in  the  wire  is  directly  proportional  to  the  strain  in  the  mem¬ 
ber. 

Strain  in  a  test  member  (S)  is  defined  as  A  L/L.  The  unit 
resistance  change  that  the  strain  produces  is  defined  as  AR/R.  The 
relation  between  the  unit  strain  and  the  unit  resistance  change  is  defined 
as  gage  factor  (G).  That  is: 


A  R/R 


AR/R 
A  L/L 


(2-5) 


The  gage  factor  (G)  is  the  conversion  constant  between  strain 
and  gage  resistance,  and  depends. on  the  type  of  material  used  for  the 
strain-gage  v/ire.  Manufacturers  maintain  close  control  on  wire  compo¬ 
sition,  but  the  measured  gage  factor,  stated  on  each  package,  should  be 
used  in  all  calculations.  Table  2-4  gives  some  gage  factors  and  tempera¬ 
ture  coefficients. 


WADD  TR  61-67 
VOL  I  REV  I 


91 


Table  Z-4.  Typical  Average  Gage  Factors 
and  Temperature  Coefficients 


Material 

Gage  Factor 

Temp.  Coeff. 
of  Resistance 
ohms/ ohm/ "C 

Advance 

2.  1 

0. 0001 

Chromei 

2.  5 

Constantan 

2.  0 

0. 00001 

Copel 

2.  4 

Isoelastic 

3.  5 

0.  00047 

Manganin 

0.  47 

0. 00001 

Monel 

1.  9 

0.  002 

Nichrome 

2.  5 

0.  0004 

Nickel 

-12.  1 

0.  006 

Phos.  Bronze 

1.  9 

0.  002 

Platinum 

6.  0 

0.  003 

b.  Basic  Circuit 


The  basic  strain  gage  is  merely  a  wire  whose  resistance  is 
directly  proportional  to  the  strain  in  the  wire.  When  bonded  to  a  member 
this  effect  provides  a  direct  indication  of  the  strain  in  the  member  itself. 
This  resistance  change  is  made  to  yield  a  useful  output  by  employing  the 
strain  gage  in  conventional  resistance  measuring  circuits. 
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At  its  most  basic  level,  this  circuit  takes  the  form  of  a  potentiometer  as 
shown  in  Figure  2-31.  However,  the  most  commonly  used  circuit  is  that 
of  a  Wheatstone  bridge. 


Fig.  2-31.  Strain  Gage  in  a  Potentiometric  Circuit 

There  are  several  disadvantages  to  the  potentiometer  circuit 
which  make  it  unsuitable  for  most  applications.  Since  Rg  is  small  com¬ 
pared  to  Rp.,  A  Eo  will  be  small  compared  to  Fg  and  its  measurement  is 
difficult.  The  static  component  Eg  maybe  removed  by  a  bias  voltage  or 
capacity  coupling;  however,  neither  approach  is  desirable.  The  bias  volt¬ 
age  represents  another  error  producing  factor  and  the  use  of  a  coupling 
capacitor  limits  low-frequoncy  response.  In  this  circuit,  the  temperature 
coefficient  of  resistance  of  the  gage  and  Rj^  produce  direct  errors,  another 
undesirable  aspect. 

c-  Whea-tstone  Bridge 
(1)  General 

Since  the  disadvantages  of  the  potentiometer  circuit 
can  be  eliminated  in  the  Wheatstone  bridge,  its  use  has  become  standardized 
in  the  application  of  strain  gages.  To  obtain  temperature  compensation  from 
the  bridge,  two  or  four  active  arms  are  necessary.  An  indirect  advantage 
of  this  is  the  increased  gage  sensitivity  which  is  obtained  through  the  use  of 
iT.ore  than  one  active  arm. 
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Figures  2-32  and  2-33  show  the  two  common 
Wheatstone  bridge  circuits  in  simplified  form.  and  of  Figure  2-32 

arc  dummy  resistors  necessary  to  complete  the  bridge  circuit. 

Since  slight  differences  in  the  resistance  of  gages 
or  dummy  resistors  may  exist  and  a  small  strain  unbalance  is  likely  (when 
the  gage  is  mounted),  a  method  of  producing  an  electrical  zero  is  required. 
This  is  accomplished  by  a  balancing  potentiometer  (Rb)  ^r.d  isolation  re- 
■sistor  (Rj)  as  shown  in  Figure  2-34.  The  balance  potentiometer  must 
enable  the  zero  output  condition  {RtR4  =  Rz^S)  1®  be  obtained.  A  method 
of  adjusting  full-scale  output  voltage,  or  bridge  sensitivity,  is  desirable 
and  commonly  accomplished  by  the  use  of  a  resistor,  fixed  or  variable, 
in  series  with  the  bridge  power  supply,  shown  in  Figure  2-34  as  Rg. 

A  calibration  resistor  (Rq)  and  switch  (Sw)  are  also 
shown  in  Figure  2-34.  The  most  desirable  method  of  system  calibration 
from  the  standpoint  of  absolute  accuracy,  is  to  apply  a  known  input  of 
strain  to  the  instrumented  structure.  However,  this  is  not  always  prac¬ 
tical  for  pre -flight  and  in-flight  calibration.  Therefore,  an  electrical 
calibration  is  frequently  employed  by  shunting  one  active  arm  of  the  bridge 
to  simulate  the  known  resistance  change  caused  by  a  particular  mechanical 
input. 


An  accessory  device,  usually  referred  to  as  a 
"bridge  balance  and  calibrating  unit"  has  become  an  integral  part  of  strain 
gage  systems.  These  devices  house  the  balance  potentiometers  and  sensi¬ 
tivity  adjustment  resistors  for  a  mimber  of  channels  (up  to  24)  in  a  self- 
contained  unit.  Provision  for  dummy'  and  calibration  resistors  is  also  pro¬ 
vided.  Calibration  is  accomplished  by  the  switching  of  calibration  resistors 
across  one  arm  of  the  bridge.  In  more  elaborate  units,  this  is  performed 
automatically  with  a  stepping  switch  to  provide  in-flight  calibration.  Balance 
and  drive  voltage  meters  are  sometimes  provided,  as  well  as  series  or  shunt 
galvanometer  damping  resistors. 

There  are  two  basic  applications  of  the  Wheatstone 
bridge  to  consider;  the  case  where  the  bridge  output  drives  a  high  impedance 
intermediate  load  such  as  an  amplifier,  and  the  case  where  the  bridge  drives 
a  low  impedance  measuring  device  directly,  such  as  a  galvanometer. 
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Qc: 


(2) 


High  Impedance  Load 


The  typical  high  impedance  load  for  a  strain  gage 
is  a  voltage  amplifier  to  provide  sufficient  output  to  drive  a  voltage-con-' 
trolled  subcarrier  oscillator  or  other  voltage  sensitive  telemetry  system 
input.  Strain  gages  are  frequently  subcommutated,  or  sampled  since 
c  frequency  of  information  is  usually  quite  lov'.  Because  it  is  difficult 
to  directly  subcommutatc  or  multiplex  the  low-level  signals  from  a  strain 
gage,  amplification  is  usually  required. 

Referring  to  Figure  it  will  be  assumed  that 

Rj  =  Rg  and  R3  =  R4.  This  is  the  usual  case  to  allow  the  bridge  to  be  con¬ 
veniently  balanced.  In  the  case  of  the  bridge  with  four  active  arms  (Fi¬ 
gure  2-33),  all  arms  are  usually  of  the  same  resistance.  G.ages  of  matched 
gage  factor  and  resistance  are  usually  employed. 


For  two  active  arms,  the  open-circuit  or  high  im¬ 
pedance  load  output  voltage  from  a  Wheatstone  bridge  is 


E 


o 


(2-6) 


where 


Rl  =  R2  =  R 
ARi  =  ARg  =  AR 
E  =  Drive  Voltage 

For  four  active  arms,  the  open  circuit  voltage  is 


where 

Rl  =  R2  =  R3  =  =  R 

ARj  =  AR2  =  ^R3  =  ^^4  =  ^ 

E  =  drive  voltage 
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To  maintain  optimum  galvanometer  frequency 
response,  the  galvanometer  damping  must  be  correct.  In  many  cases, 
through  careful  selection  of  the  strain  gage  and  galvanometer,  the 
damping  offered  by  the  characteristic  resistance  of  the  bridge  itself 
will  be  correct.  In  this  case,  no  additional  series  or  shunt  galvanometer 
damping  resistors  are  required.  However,  if  it  is  necessary  to  employ 
damping  resistors,  their  effect  on  bridge  output  must  be  taken  into  ac¬ 
count. 

(4)  Calibration  Resistor 


As  previously  mentioned,  a  calibration  resistor 
may  be  employed.  By  shunting  one  arm  of  the  bridge,  any  percentage  of 
full-scale  output  can  be  obtained.  It  is  general  practice  to  calibrate  at 
the  level  of  maximum  anticipated  output,  or  at  normal  full-scale  output  . 
Calibrating  in  this  manner  can  minimize  errors  due  to  drive  voltage  drift 
and  galvanometer  sensitivity  inaccuracy.  The  following  equations  give  the 
value  of  Ri-  in  terms  of  equivalent  strain: 

1  /  R  \ 

S  =  G  ^  R  +  R(^ J  (2-11  A) 


1  -  GS 


(2-llB) 


it  is  irequentiy  aesiraoie  to  ootain  tne  vaiue  oi  ivq 
in  terms  of  output  voltage: 

E  /  R  \  ..  . 


"  4 


(2-12A) 


or 


(2-12B) 


(5)  Special.  Applications 

Ccrtai.a  special  purpose  devices  have  been  designed 
to  directly  accept  strain  gage  outputs  and  to  provide  an  internal  drive  volt¬ 
age.  The  drive  voltage  in  these  eaises  is  usually  ac  and  consequently,  the 
impedance  of  the  bridge  is  not  always  purely  resistive.  However,  the  pre¬ 
ceding  equations;  generally  apply  since  reactive  components  are  usually 
halanced. 
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A  relatively  common  telemetric  device  which 
operates  directly  with  a  Wheatstone  bridge  circuit  is  the  strain  gage  sub¬ 
carrier  oscillator.  These  are  usually  phase  shift  oscillators  wherein 
the  bridge  output  provides  the  frequency  controlling  feedback.  Some  ver¬ 
sions  of  this  device  have  automatic  compensation  for  the  effects  of  shunt 
capacity  in  the  bridge  and  leads,  while  others  require  external  neutrali¬ 
zation. 

There  are  also  time-division  telemetry  systems 
which  will  directly  accept  strain  gage  transducer  inputs.  The  multiplexer 
of  these  systems  is  designed  to  provide  an  ac  drive,  usually  synchronized 
with  the  sampling  rate,  through  the  use  of  a  polyphase  transformer  with 
separate  drive  windings  for  each  inptit  channel.  External  neutralization 
is  not  usually  required. 

One  of  the  most  common  ac  techniques  is  the  sup¬ 
pressed  carrier  system.  This  approach  usually  provides  the  same  results 
as  a  conventional  bridge  and  dc  amplifier  (i.  e.  ,  dc  output  at  a  relatively 
high  level);  however,  it  avoids  the  difficulties  of  dc  amplification.  In  this 
system,  an  ac  drive  is  provided  and  the  bridge  output  is  amplified,  detected, 
and  filtered  to  produce  the  desired  dc  output- 


Wiring  Standard 


Figure  shows  a  standard  wiring  diagram  and  color  code 

for  strain  gage  type  transducers,  recommended  by  the  Western  Regional 
Strain  Gage  Committe  (1052  West  Sixth  Street,  Los  Angeles  17,  California). 
This  recommended  standard  has  evolved  from  an  extensive  survey  of  users 
and  manufacturers  and  reflects  the  preferred  color  coding  of  a  majority  of 
the  major  users. 


2-4  MEASUREMENT  OF  PRESSURE 


Force  Summing  Devices 


From  basic  physics,  force  is  equal  to  the  product  of  pressure 
and  the  area  over  which  pressure. is  exerted.  In  the  telemietering  of  pres¬ 
sure  and  vacuum,  certain  mechanical  elements  are  generally  used  to  con¬ 
vert  the  applied  force  into  a  displacement;  however,  the  displacement  is  not 
always  a  linear  function  of  the  force  (or  pressure).  These  mechanical  ele¬ 
ments  are  often  referred  to  as  "force  summing  devices.  "  Those  which  are 
commonly  used  for  converting  pressure  into  displacement  are  listed  below 
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PRI  MARY 
WIRING 


AUXILIARY 

WIRING 


Approved;  9-18-57 
Revised:  5-6-60 


SHIELD  -  See  Note  4 


CONNECTOR 


1.  The  direction  or  position  cf  the  function  producing  a  positive  output 
signal  shall  be  indicated  on  all  transducers.  * 

2.  The  bridge  elements  shall  be  arranged  so  that  functions  producing 
positive  output  will  effect  increasing  resistance  in  arms  1  and  3  of 
the  bridge. 

3.  Wticrcver  possible,  tension,  clongtation,  increasing  pressure,  or 
other  generally  accepted  positive  qurntities  shall  produce  positive 
output  signals.  Exceptions;  compression  load  cells  and  vacuum  gages 

4.  For  shielded  transducers,  pins  5,  7  and  9  shail  be  shield  terminals  lor 
4,  6  and  8  wire  systems  respectively. 

*  The  following  marki.ags  are  suggested' 

q'ension  Load  Cells,  Universal  Load  Ceils,  Micrometers,  etc. 
Compression  Load  Cells 
Accelerometers  and  Flow  Meters 
Torque  Transducers 

Differential  Pressure  Cells  at  the  port  where  the  liigher  pres¬ 
sure  causes  positive  output  signals 


-1* 

♦  -t* 


Fig.  2-35.  Transducer  Wiring  Standard  for  Resistance  Strain 
Gage  Systerns.  (Prepared  lay  tVie  Western  Regional  Stra.in  Gage 
Committee.  ) 
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and  illustrated  in  Figure  2-36. 

1.  Diaphragm 

3.  Bourdon  Tube 

a.  Flat 

a.  Circular 

b.  Corrugated 

b.  Twisted 

c.  Capsule 

2.  Bellows 

4.  Straight  Tube 

PRESSURE  I 

DISPEACEMENT 

Fig.  2-36.  Force  Summing  Devices 


(1)  Diapliiagiria  (Ref.  140) 


A  diaphragm  is  a  flat  or  convoluted  surface,  usually 
circular,  bonded  at  its  outer  circumference  to  a  circular  support  or  another 


Pressure  Transducing  and  Instrumentation  Techniques,  Vol.  1, 


Book  1,  WADD  Technical  Report  59-743,  p.  113.  AD  251111 
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diaphragm.  The  convoluted  form  usually  consists  of  a  number  of  convo¬ 
lutions  of  radial  symmetry.  Such  diaphragms  can  be  used  singly  or  in 
pairs.  When  used  in  pairs,  by  bonding  together  two  diaphragms  at  their 
outer  circumference,  the  resultant  assembly  is  called  a  capsule.  One 
or  more  capsules  may  be  used  together  to  obtain  a  desired  stroke.  The 
deflection  of  a  capsule  is  slightly  more  than  twice  a  single  diaphragm, 
since  the  rim  is  not  restrained  radially. 

(2)  Bellows  (Ref.  141) 

A  bellows  is  a  cylindrical  pressure  element 
which  contains  a  large  number  of  convolutions  along  the  length  of  the 
cylinder.  Relatively  stiff  end  plates  are  usually  provided  to  close  off 
the  ends  of  the  bellows  and  make  it  airtight.  The  cylindrical  convolutions 
provide  an  infinite  number  of  springs  along  the  length  of  the  bellows,  pro¬ 
viding  a  much  lower  spring  rate  along  its  length  than  across  the  diameters. 

As  the  pressure  inside  the  bellov/s  is  increased,  it 
tends  to  expand  along  the  lines  of  least  resistance.  In  this  case,  the  line 
of  least  resistance  is  along  the  length  of  the  bellows.  The  internal  pr(  s- 
sure  acting  on  the  end  plates  tends  to  increase  the  length  of  the  bellows 
until  balanced  by  the  stresses  along  the  length  of  the  cylindrical  springs. 
Since  the  spring  rate  opposing  the  increase  in  diameter  is  large  with  res¬ 
pect  to  the  spring  rate  opposing  the  increase  in  length,  the  small  increase 
in  diameter  is  neglected  in  most  cases  and  the  increase  in  length  utilized 

(3)  Bourdon  Tube  (Ref.  142) 

A  Bourdon  tube  is  a  length  of  tubing  whose  cross- 
section  is  some  shape  other  than  circular  (usually  flat-oval)  and  whose 
length  has  been  deformed  into  a  curve  predominantly  in  the  plane  of  the 
smallest  cross-sectional  dimension.  The  simpler  and  more  common  form 
of  Bourdon  tube  has  a  constant  radius  of  curvature  along  its  active  length 
and  covers  an  arc  length  of  less  than  360".  In  some  cases,  the  tube  is 
fixed  at  one  end  and  the  stroke  iiieasured  at  the  other  end,  and  in  other  casec 
the  tube  is  fixed  at  the  middle  of  its  active  length  and  the  movement  between 
the  two  free  ends  measured.  In  order  to  get  more  active  length  of  tube  and 
therefore  more  stroke,  the  tube  can  be  made  in  the  form  of  a  spiral  with  a 


continuously  variable  radius  of  curvature  and  an  arc  length  of  well  over 
360®,  or  in  the  form  of  a  helix  with  a  constant  radius  of  curvature  and 
again  an  arc  length  of  well  over  360®.  Both  of  these  designs  have  the 
same  cause  of  change  in  radius  of  curvature  as  the  plain  Bourdon  tube, 
but  since  they  have  more  active  length,  the  free  end  of  the  tube  will 
travel  over  a  greater  distance  and  give  more  stroke. 


Since  the  cross-section  of  a  Bourdon  tube  is  not 
circular,  the  introduction  of  internal  pressure  v/ill  tend  to  deform  the 
cross-section  into  a  cii'cle.  In  doing  so,  the  smallest  cross-sectional  di¬ 
mension  will  increase  and  the  largest  will  decrease.  A  length  of  tube  in 
its  unpressurized  state  has  a  given  radius  of  curvature  of  the  centroid  of 
area  along  its  length  and  a  given  cross-sectional  thickness  along  that 
radius.  As  a  result,  the  innermost  line  and  the  outermost  line  have  given 
lengths.  If  the  tube  is  pressurized,  these  points  will  move  away  from  the 
centroid  of  area  by  some  amount.  The  innermost  line  moving  closer  to 
the  center  of  curvature  will  tend  to  get  shorter  and  will  have  compressive 
stresses  set  up  along  its  length.  The  outermost  line  will  tend  to  stretch 
and  will  have  tensile  stresses  set  up  along  its  length.  These  stresses  are 
resisted  by  the  material  of  the  tube  to  some  extent  and  result  in  the  opening 
up  of  the  radius  of  curvature  and  a  movement  of  the  free  end  of  the  tube. 

outetighu  1  uue 

Also  known  as  the  "hollow  tube,  "  this  is  the  only 
force  summing  device  in  this  discussion  which  has  an  initial  circular  cross- 
section  and  therefore  cannot  deform  into  this  shape.  Instead,  while  \inder 
pressure,  the  walls  of  the  tube  stretch  and  the  diameter  increases.  The 
deflection  that  is  measured  miay  either  be  the  diameter  increase  or  the  in¬ 
crease  in  circumference. 

b.  Conversion  of  Displacement  to  an  Electrical  Analog  Signal 

Force  summing  devices  provide  a  displacement  as  a  result  of 
their  input  pressure  and  it  is  nece.'-'r.ary  that  this  be  converted  to  an  electrical 
parameter  which  can  be  fed  to,  or  sensed  by,  the  input  circuitry  of  a  telemetry 
system.  The  telemetry  system  may  receive  an  electrical  signal  or  may 
"see"  a  change  of  impedance  as  a  result  of  the  displacement.  Although  some 


methods  of  measuring  displacement  have  been  covered  in  Paragraph  Z-Z  of 
this  section,  it  is  the  intent  of  this  discussion  to  provide  representative 
techniques  employed  in  pressure  transducers. 


(1)  Potentiometer  Types  (Ref-  144) 

The  bellows  and  Bourdon  tube  generally  have  suf¬ 
ficient  displacement,  as  a  result  of  their  pressxire  input,  to  be  suitable 
for  attachment  to  the  wiper  arm  of  a  potentiometer.  Changes  in  the  pres- 
s\ire  cause  a  mechanical  movement  of  the  bellows  or  Bourdon  tube.  This 
results  in  a  corresponding  change  in  position  of  the  potentiometer's  slider. 

If  the  potentiometer  is  supplied  with  a  constant  ac  or  dc  voltage,  its  out¬ 
put  voltage  also  changes.  When  a  bridge  circuit  is  involved,  the  slider 
position  causes  a  variation  in  the  ohmic  value  of  one  or  more  active  arms. 

The  potentiometer  winding  in  most  cases  consists 
of  a  tightly  wound  coil  of  very  fine  wire.  Its  resolution  is  relatively  coarse 
since  it  depends  on  the  ability  of  the  sliding  contact  to  distinguish  contact 
with  one  wire,  the  bridging  of  two  wires,  and  then  a  one-wire  contact,  as 
the  slider  moves  across  the  coil.  Windings  with  spacings  of  the  equivalent 
to  1,  000  turns  per  linear  inch  have  been  achieved.  Deposited  conducting 
films  on  ceramics  and  glass  have  been  employed  in  a  few  pressure  trans¬ 
ducers  to  give  almost  infinite  resolution. 

Figure  2-37  shows  two  pressure  transducers  which 
utilize  wirewound  potentiometers  (Ref.  145).  These  transducers  require 
an  external  voltage  source.  The  output  voltage  produced  by  the  motion 
of  the  wiper  arm  may  be  supplied  to  a  voltage  controlled  oscillator  of  a 
FM/FM  telemetry  system. 


144  tJorden,  l-’erry  A.  and  Wilfrid  J.  Mayo-w'eiis,  Telemetering 
Systems,  New  York:  Reinhold  Publishing  Corporation,  1959,  pp.  130-131. 

145  General  Catalog  and  Transducer  Handbook,  Technical  Bulletin 
No.  75,  Trans-Sonics,  Incorporated,  November  I960. 


WADD  TR  61-67 
VOL  I  REV  1 


104 


COUN  7  LRWC  IbH  T 


I 


N 

1“^ 


6EL10WS  PRESSURt  SENSING  ElEMENI 
.reference  spring 

POTENTIOMETER  WINDING 
WlPEF<  ARM 
PUSH  ARM 

OVERPRESSURE  STOPS 

-'IVOT 

counterweight 


(a) 


-PU^M  AfiM  AND  1  iNhAGt 
-WIPER  ARM 


^00--Rn0N  ’uUl  i  i’LibUKt 
'sensing  n  I  MF  NT 


■•POTtNTlOMETER  WINDING 


Fig,  2-37.  Pressure  Transducers  with  Potentiometer  Pickoffs 


Advantages  and  disadvantages  of  potentiometer 
type  transducers  are  as  follows; 


Advantages 


(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 


(h) 

Disadvantages 


High  output 

Simple  and  easy  to  use 
Relatively  inexpensive 
May  be  used  with  ac  or  dc 

A  wide  range  of  non-linear  functions  is  obtainable 
High  electrical  efficiency 

Amplification  and  impedance  matching  are  gen- 
e  ally  unnecessary 

May  be  used  for  static  or  dynamic  measurements 


(a) 

\''  i 

(c) 

(d) 

(e) 

(f) 

(g) 


Generally  finite  resolution 
Dimited  life 
Sensitive  to  vibration 
Low  frequency  response 

Relatively  large  displacements  are  required 
Large  actuating  force  required 
Noise  increases  with  wear 
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(2)  Variable  Reluctance  Type  (Ref,  146,  147) 

An  example  of  the  use  of  a  variable  reluctance 
pickoff  in  a  pressure  transducer  is  one  in  which  a  twisted  Bourdon  tube 
is  the  force  summing  device.  This  is  a  length  of  hollow  tubing  which  has 
been  flattened  and  twisted  about  its  longitudinal  axis.  One  end  is  sealed 
and  pressure  is  applied  to  the  other.  The  open  end  is  held  fixed,  but 
the  sealed  end  is  free  to  rotate  as  pressure  is  applied.  The  tube  untwists 
when  the  pressure  in  it  is  positive  and  twists  when  it  is  negative  or  when 
the  pressure  outside  is  positive.  Thus,  it  can  be  seen  that  the  tube  will 
respond  to  pressure  or  vacuum  applied  either  internally  or  externally  and 
to  the  difference  between  internal  and  external  pressures.  Another  varia¬ 
tion  is  to  evacuate  and  seal  the  pressure  element,  applying  pressure  only 
to  the  outside  of  the  element,  through  the  transducer  case  inlet.  This  is 
the  basis  of  an  absolute  pressure  pickup.  It  is  also  practical  to  evacuate 
and  seal  the  transducer  case  and  apply  the  pressure  inside  the  tube. 

A  flat  magnetic  armature  may  be  fastened  to  the 
sealed  end  of  the  element  so  that  it  rotates  with  it,  as  illustrated  in  Fi¬ 
gure  2-38.  The  rotation  causes  air  gaps  in  an  electro-magnetic  circuit 
to  change,  thereby  changing  circuit  inductances.  These  inductances  may 
be  employed  as  two  active  arms  of  a  four-arm  bridge  as  shown  in  Figure 
2-39,  Two  of  these  arms  are  fixed  by  using  the  center  tapped  secondary 
winding  of  an  oscillator  output  transformer.  The  two  active  arms,  shown 
as  L]^  and  L,^,  are  the  coils  in  the  transducer.  The  movement  of  the  arm¬ 
ature  causes  the  inductance  of  to  increase  and  that  of  to  decrease  as 
pressure  is  applied.  The  instrument  is  adjusted  initially  to  a  balanced 
condition  such  that  the  voltage  drop  across  Lj  is  equal  to  the  voltage  drop 
across  L2.  This  results  in  an  output  voltage  Eq  of  zero  volts  in  the  ab¬ 
sence  of  an  applied  pressure.  As  the  armature  rotates,  the  voltage  drop 
across  Ll  increases  as  that  of  decreases  in  proportion  to  the  magnitude 
of  rotation.  Half  the  difference  between  these  two  voltage  drops  appears 
as  the  output  voltage  at  E^.  Working  into  an  open  circuit,  this  output  volt¬ 
age  is  approximately  10%  of  the  input  voltage. 


146  Engineering  Data  Sheet  359-103,  Daystrom-Wiancko  Engineering 
Company. 

147  Engineering  Data  Sheet  359-104,  Daystrom-Wiancko  Engineering 
Company. 
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As  illustrated  by  the  dashed  lines  in  Figure  Z-38, 
the  transducer  may  contain  four  inductances  which  arc  used  as  four  active 
arms  of  the  bridge  circuit  sliown  in  Figure  2-40,  Output  voltage  is  approxi¬ 
mately  20%  of  tile  input  voltage  for  open  circuit  conditions. 

(3)  Vaiiable  Cajiacitan.ee  (Ref.  148) 

Variable  capacitance  transducers  find  their  greatest 
application  in  those  areas  requiring  response  to  a  wide  range  of  frequencies. 
Capacitive  transducers  have  good  response  characteristics  from  zero  up  to 
several  thousand  cycles  per  second. 

Capacitive  transducers  are  generally  associated 
with  the  measurement  of  small  mechanical  displacements  and  units  may  be 
obtained  for  use  at  extremely  lov  pressure  ranges  on  the  order  of  a  few 
microns.  Measurements  can  be  made  in  terms  of  microinches  if  desired 
and  can  be  highly  accurate  depending  upon  specific  setup  involving  stray 
capacitance  effects,  maximum  deflection,  and  area  of  capacitive  plates. 
Their  fast  response  makes  them  ideal  for  applications  requiring  precise 
time  studies. 

The  capacitive  transducer  may  be  used  in  any  elec¬ 
trical  circuit  where  a  change  in  capacity  will  affect  the  circuit.  They  are 
most  comrnonly  used  in  impedance  bridge  circuits  or  as  the  frequency  de¬ 
termining  conipoiient  in  an  oscillator.  The  ruggeduess  of  the  capacitvc 
t)rpe  transducers  makes  them  desirable  in  applications  requiring  shock, 
vibration,  and  acceleration  resistant  units.  These  retain  their  calibration 
well. 

The  basic  mechanical  configuration  of  a  variable 
capacitance  transducer  is  shown  in  Figure  2-41.  A  plate  on  a  flexible 
metal  diaphragm  or  bellows  is  mounted  near  a  rigid  plate  and  the  edges 
electrically  insulated.  Pressures  a.'C  applied  to  each  side  of  the  flexible 
diaphragm.  The  diaphragm  resp^onds  to  the  difference  between  the  two 
pressures  and  moves  toward  the  side  where  the  pres-sure  is  lower.  As  the 
distance  between  the  movable  plate  and  fixed  plate  varies,  the  electrical 

148  Pressure  Transducing  and  Instrumentation  Techniques,  Vol.  1, 

Book  2,  WADD  Technical  Report  59-743,  pp.  1  30  -  132.  AD251112 
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capacitance  changes  as  a  function  of  the  applied  pressure.  The  capaci¬ 
tance  varies  as  1/D,  where  D  is  the  distance  from  the  movable  plate  to 
the  fixed  plate.  If  changes  in  D  are  small  compared  with  the  nominal 
value  of  D,  the  change  in  capacitance  is  approximately  a  linear  tuuction 
of  pressure. 


When,  usfcd  as  a  component  in  an  oscillator  cir¬ 
cuit,  the  oscillator  must  be  of  a  type  that  can  be  tuned  by  changing  capa¬ 
citance.  Figure  2-42  shows  a  simple  Hartley  oscillator  using  a  variable 
capacitance  pickoff  as  the  frequency  determining  component.  As  the 
value  of  capacitance  is  changed,  the  oscillator  frequency  changes  propor¬ 
tionally.  Either  static  or  dynamic  pressures  may  be  monitored  with  this 
type  circuit.  A  static  pressure  results  in  a  constant  displacement  of  the 
diaphragm:  therfore,  .a  new  steady  state  oscillator  frequency  is  established. 
Time  varying  pressure  changes  result  in  time  varyuig  frequency  shift  of 
frequency  modulation. 

2-5  MEASUREMENT  OF  FLUID  FLOW 

a.  Volumetric  Flow  Measurement 


The  three  basic  types  of  volumetric  flow  meters  are  displace¬ 
ment  meters,  velocity  meters,  and  differential  pressure  meters.  A  great 
variety  of  each  type  exists,  the  selection  being  dependent  upon  density,  vis¬ 
cosity,  flow  rate,  and  corrosiveness  of  the  fluid  to  be  measured.  Meter 
flow  range,  pressure  loss,  monitoring  technique,  size,  accuracy,  reliability, 
and  cost  must  also  be  considered. 

(1)  Displacement  Meters 

A  displacement  meter  is  usually  in  the  form  of  a 
fluid  pump  which  is  run  in  reverse  by  the  flowing  fluid.  When  calibrated  for 
a  fluid  of  a  given  density  and  viscosity,  meter  reciprocation  or  rotation  is 
directly  prop>ortioiial  lu  the  fluid  flow  rate,  and  the  sum  of  the  rotations  is  a 
measure  of  the  fluid  volume.  Several  of  the  more  common  displacement 
meters  are  discussed  herein. 

(a)  Reciprocating  Piston  Meter 

The  reciprocating  piston  metei’  is  essentially 
the  reverse  of  a  double-acting  reciprocating  pump.  Although  it  is  a  very 
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Fig.  2-41.  Capacitive  Transducer  Configuration 
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f'ig.  2-42.  Hartley  Oscillator  Using  Variable  Capacitance  Transducer 
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early  style  meter,  practically  all  liquids  can  be  metered  satisfactorily 
through  suitable  selection  of  fabrication  materials.  An  error  of  0.  2% 
can  be  obtained  down  to  virtually  zero  flow.  To  i-educe  wear  and  head 
loss,  large  pistons  with  short  stroke  are  necessary  with  the  result  that 
the  meter  is  inherently  large  in  comparison  with  many  other  types. 

(b)  Duplex  Rotor  Meter  (Ref,  149) 

The  duplex  rotor  meter,  illustrated  in 
Figure  2-43  has  a  greater  flow  capacity.  The  moving  element  consists 
of  two  fluted  rotors.  The  relative  position  between  the  two  rotors  is 
controlled  by  two  helical  timing  gears  so  that  synchronized  rotation  is 
obtained.  There  is  always  a  small  clearance  between  the  helical  sur¬ 
faces  so  that  no  metal  to  metal  contact  exists.  The  sequence  of  opera¬ 
tions  is  as  follows;  the  metered  liquid  enters  the  measuring  chamber 
causing  the  rotors  to  move.  A  volume  of  liquid  is  momentarily  isolated 
from  the  outlet  and  inlet  A  further  movement  of  the  rotors  allows  the 
volume  of  liquid  to  be  discharged  from  the  working  chamber.  Rotor 
motion  may  be  monitored  and  recorded  by  electrical  or  mechanical 
meani.  A  typical  meter  of  this  description,  suitable  for  a  three-inch 
pipe,  has  an  error  of  approximately  0.  75%  from  41  gpm  up  to  a  maxi¬ 
mum  flow  rate  of  266  gpm  and  a  pressure  loss  of  about  500  psfd. 


149  Linford,  A.  ,  "Measurement  of  Fluid  Flow,  "  The  Instrument  Manual, 
Third  Edition,  London;  United  Trade  Press,  LTD,  I960,  p.  122. 
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Fig.  2-44.  Semi-Rotary  Piston  Meter 

(c)  Semi-Rojary  Piston  Meter  (Ref.  L50) 

The  semi-rotary  piston  meter  was  devel¬ 
oped  primarily  for  the  measurement  of  small  flows  of  water  However, 
by  the  careful  selection  of  materials  of  construction,  to  wlthsLanu  high 
temperature,  any  corrosive  action,  etc.  ,  meters  of  this  description  are 
now  available  for  rrieasuring  other  liquids. 

The  salient  features  of  these  meters  are 
low  cost  and  maintenance,  a  large  flow  range,  interchangeability  of 
v/orking  parts  and  a  good  commercial  accuracy  (error  less  than  ±2%  of 
actxial  flow)  over  the  whole  working  range. 

A  cross-sectional  diagram  of  this  meter 
type  is  shown  in  Figure  2-44.  The  body  of  the  meter,  mounted  in  tlic  pipe¬ 
line,  contains  a  cylindrical  piston  of  somewhat  smaller  diameter,  but  of 
the  same  height  as  the  working  chamber. 


150  Ibid.  ,  pp.  122-124. 
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The  working  chamber  is  fitted  with  a  radial 
partition  projection  partly  across  it,  and  with  a  central  hub.  The  piston, 
the  wall  of  which  is  split,  fits  over  the  partition,  and  also  over  the  central 
hub.  The  diameters  of  the  working  chamber,  of  the  central  bub  and  of  the 
piston  are  such  that,  whatever  the  position  of  the  piston,  line  contact  is 
obtained  between  its  outer  wall  and  the  inner  wall  of  the  working  chamber. 

The  liquid  being  metered  enters  the  bottom 
of  the  working  chamber  on  one  side  of  the  partition  and  leaves  the  chamber 
from  the  top  on  the  other  side  of  the  partition,  so  that  the  piston  forms  a 
movable  barrier  between  the  inlet  and  outlet  ports.  The  result  is  that  the 
liquid,  flowing  through  the  working  chamber,  sets  the  piston  in  motion, 
a  semi-rotary  movernent  being  obtained,  the  piston  sliding  to  and  fro  along 
the  fixed  partition“-yet  always  revolving  round  the  working  chamber  in  the 
same  direction,  although  it  does  not  rotate  about  its  own  axis.  Each  semi¬ 
revolution  of  the  piston  allows  a  volume  of  liquid,  equal  to  the  volume  it 
sweeps  out,  to  pass  through  the  meter.  The  nominal  sizes  of  these  semi- 
rotary  piston  meters  range  from  1/2  inch  to  6  inch  connections.  Table  2-5 
gives  some  examples  of  typical  meter  capacities  and  flow  ranges.  Such 
meters  arc  suitable  for  working  pressures  up  to  21,  600  psfg. 


iM 


Table  2-5.  Typical  How  Ranges  of  Semi-Rotary  Piston  Flowmeter 


Meter 

Size 

(inches) 


Meter 

Starts 

At 


Accuracy 
of  98% 

At 


Rated 
Maximum 
Working  Flow 

/I _ _ _ 


Maximum 
Occasional 
Overload 
( 1 600  psfd 


sure  loss) 

pressure  1 

0.017  gprn 

0.  083  gpm 

1 .  7  gpm 

8.  3  gpm 

0.  0  33  gpm 

0.  17  gpm 

4.  2  gpm 

22.  gpm 

0.  067  gpm 

0.  5  gpm 

25.  gpm 

130.  gpm 

0.  42  gpm 

0.  8  gpm 

83.  gpm 

420.  gpm 

0 .  5  gpm 

1  ■  0  gpm 

130.  gpm 

635.  gpm 
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Fig.  2-45.  Rotary  Meter 


(d)  Rotary  Meter  (Ref.  151) 

The  rotary  meter  is  one  of  several  types  of 
displacement  gas  meters  .  As  shown  in  Figure  2-45,  it  consists  of  a  work¬ 
ing  chamber  containing  two  impellers,  each  mounted  on  a  shaft.  The  gas 
enters  the  working  chamber  from  the  top  and,  in  exerting  a  pressure  on 
these  impellers,  causes  them  to  rotate.  The  relati%  s  position  of  the  two 
impellers  is  determined  by  gears  fitted  on  their  respective  shafts,  and  it 

«  At  ~  _ i-U  l-'Kc'nr  alwpv.S  in  r.OTlta.Ct  witll  G3,cll 

Wlii  De  seen  liictL,  — -  —  -  / 

other.  Each  complete  revolution  of  the  impeller  necessitates  their  passing 
through  the  vertical  position  twice,  and  each  tim.e  a  pocket  of  gas  (shown 
hatched  in  Figure  2-45)  is  trapped.  Hence,  the  volume  of  gas  passed  for^ 
each  revolution  of  the  impellers  is  four  times  the  hatched  portion  multiplied 
by  the  length  of  the  impellers. 


124-125. 
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The  working  range  of  these  meters  is 
from  1  to  10  times  the  minimum  accurately  measurable  flow  and  over¬ 
load  of  from  50%  to  100%  can  be  allowed.  Capacities  range  from  333  cfm 
(6"  gear  diameter  by  18”  impeller  length)  to  21,  530  cfm  (32”  gear  dia¬ 
meter  by  96”  impeller  length),  the  head  loss  being  approximately  2.  5  psfd 
and  the  working  pressure  1440  psfg.  These  meters  have  been  designed 
for  working  pressures  up  to  43,  200  psfg. 

(2)  Velocity  Meters 

Meters  of  this  type  obtain  a  measure  of  the  velocity 
of  the  flow;  the  volumetric  flow  is  inferred  as  being  equal  to  the  velocity 
multiplied  by  the  cross  sectional  area  of  the  flow.  The  moving  element 
is  usually  a  helix,  fan,  or  turbine  rotor.  Minimum  flow  rates  which  can 
be  measured  with  acceptable  accuracy  are  generally  higher  than  those  for 
displacement  meters,  depending  on  the  frictional  and  in  inertial  charac¬ 
teristics  of  the  particular  device.  Lower  total  pressure  loss,  lower  cost, 
and  the  ability  to  handle  a  variety  of  corrosive  fluids  containing  suspended 
matter  are  some  advantages.  It  is  important,  however,  that  a  velocity 
meter  be  calibrated  for  the  specific  fluid  and  conditions  encountered  in  use. 
Velocity  meters  are  commercially  available  from  numerous  manufacturers. 
Two  modern  types  are  discussed  herein. 

(a)  Turbine  Flowmeter  (Ref,  152) 

The  "Pottermeter,  ”  illustrated  in  Figure  2-46 
consists  of  a  housing  with  end  fittings  to  match  those  of  the  piping  in  which 
the  element  is  to  be  installed.  A  hydraulically,  self-positioning  rotor  is  sus¬ 
pended  within  the  housing,  A  permanent  magnet  is  sealed  inside  the  rotor  of 
the  standard  frequency  Pottermeter.  High-frequency  meters  utilize  a  reluc¬ 
tance  t^q>e  magnetic  pick-up  with  a  permanent  magnet  built  into  an  externally - 
mounted  coil. 

As  the  fluid  flows  through  the  element,  the 
rotor  spins  at  a  speed  determined  by  the  fluid  velocity  and  the  angle  of  the 
rotor  blades,  inducing  an  ac  voltage  in  the  pick-up  coil  mounted  externally 
to  the  housing.  In  standard  frequency  meters,  the  frequency  of  this  voltage 
is  a  function  of  the  rotor  speed  and  the  number  of  magnetic  poles.  High- 
frequency  meters  produce  3  frequency  up  to  10  times  greater  for  use  in  trans¬ 
ient  flow  studies,  digital  flow  rate  indication,  and  telemetering. 


152  "Engineered  by  Potter,  ”  Potter  Aeronautical  Corporation,  Union, 
New  Jersey, 
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Fig.  2-46.  Turbine  Flowmeter 


Tlie  design  of  the  rotor  and  its  supporting 
members  is  such  that  fluid  flow  through  the  element  establishes  upstream 
thrust  components  which  exceed  the  downstream  drag  factor,  so  that  the 
rotor  spins  freely  without  thrust  friction  midway  between  its  upstream  and 
downstream  supports. 


At  point  A  (See  Figure  2-46),  the  upstream 
end  of  the  unit,  fluid  flow  is  assumed  to  be  at  line  velocity  and  pressure. 
This  flow  encounters  a  restricting  cone,  held  rigidly  in  place,  which  causes 
an  increase  in  velocity  with  a  corresponding  decrease  in  pressure  in  the 
area  between  the  rotor  and  the  .stationary  cone  at  Point  B.  The  restricting 
cone  attached  to  the  upstream  support  is  slightly  smaller  in  diameter  than 
the  body  of  the  rotor,  a.nd  therefore  absorbs  the  impact  of  the  dowmstream 
flow  velocity  so  that  only  a  limited  amount  is  permitted  to  be  impressed 
upon  the  rotor.  Since  the  rotor  itself  is  shaped  like  a  cone  with  the  base 
upstream,  there  is  a  decrease  in  fluid  velocity  along  the  body  of  the  rotor 
with  a  corresponding  pressure  recovery  at  Point  C,  which  tends  to  force 
the  rotor  upstream  into  the  low  pressure  area  behind  the  stationary  cone. 
There  is  actually  an  excess  of  upstream  thrust  so  that  the  rotor  moves  up¬ 
stream.  to  a  point  where  the  flow  past  the  smaller,  fixed,  upstream  cone 
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begins  to  impinge  on  the  forward  edge  of  the  rotor  body,  lirniting  the 
amount  of  upstream  movement. 

When  hydraulically  centered  in  this  posi¬ 
tion,  the  rotor  spins  without  slippage  or  thrust  friction.  The  error  i:; 
approximately  ±0.  5%  of  the  actual  flow. 

The  meter  is  inherently  linear  over  most 
of  its  range  of  operation.  Some  non-linearity  will  be  encountered  when 
operating  at  minimum  flow  rates,  at  which  the  fluid  velocity  is  not  high 
enough  to  produce  sufficient  upstream  thrust  to  overcome  the  drag  on  the 
rotor.  Even  at  these  low  flow  rates,  the  element  has  a  high  degree  of 
repeatability. 

The  meter  can  be  installed  in  any  position, 
horizontally  or  vertically,  with  the  flow  either  upward  or  downward  so 
long  as  the  flow  is  in  the  direction  indicated  on  the  housing.  However, 
linearity  over  the  widest  possible  range  of  operation  will  be  obtained 
when  the  unit  is  mounted  within  15“  of  the  horizontal.  Because  the  rotor 
spins  freely,  it  responds  rapidly  to  flow  changes  and  will  fully  indicate 
a  transient  change  within  the  time  required  for  the  rotor  to  make  one  com¬ 
plete  revolution. 

Table  2-6  lists  representative  sizes,  capa¬ 
cities,  and  flow  ranges;  however,  many  other  sizes  are  available  . 


Table  2-6.  Typical  Ranges  of  Turbine  Flowmeters 


Meter  Size 
(Inches) 

Repeatable 
Performance 
Starts  At 

Linear 
Performance 
Starts  At 

Rated  Max. 
Working  Flow 
(1728  psfd 
press,  loss) 

1/8 

0.  08  gpm 

0.  17  gpm 

1 .  4  gpm 

1/2 

1 .  2  gpm 

2.  0  gpm 

25.  0  gpm 

1 

3,  7  gpm 

6.  0  gpm 

94.  0  gpm 

6 

180.0  gprn 

350.  0  gpm 

6400.  0  gpm 

12 

650. 0  gprn 

1 200.  0  gpm 

26,  000.  C  gpm 
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(b)  Vortex-Velocity  Flowmeter 

The  Vortex- Velocity  flowmeter  is  illus¬ 
trated  in  Figure  2-47  and  its  principle  of  operation  is  shown  in  Figure 
2-48.  (Rotron  Controls  Coi'poration,  Woodstock,  New  York.  ) 

This  meter  type  has  a  continuous  flow 
range  of  10  to  1  regardless  of  meter  size.  It  will  measure  liquids,  at¬ 
mospheric  air,  or  compressed  gases.  Temperature  limits  may  range 
from  32°  F  to  200°  F. 

The  Vortex-Velocity  flowmeter  consists 
essentially  of  a  piece  of  straight  pipe  with  an  offset  cylindrical  chamber. 
When  a  fluid  flows  through  the  pipe,  an  eddy  or  vortex  forms  in  the  cham¬ 
ber.  The  rotation  of  the  vortex  is  inherently  proportional  to  the  main 
flow  in  the  pipe,  A  rotor  mounted  in  this  vortex  senses  the  vortex  promptly 
and  maintains  its  stability.  The  rotor  merely  rides  with  the  vortex  as  a 
means  of  counting  its  revolutions.  A  magnetic  coupling  between  the  rotor 
shaft  and  the  register  eliminates  the  need  for  packing  glands. 

Counting  the  number  of  revolutions,  or 
speed  of  the  vortex,  produces  an  accurate  volume  total  or  flow  rate  indica¬ 
tion  of  mass  flow  at  line  conditions.  The  meters  have  an  error  of  0.  5% 
and  a  flow  range  of  20  to  200  gpm  for  liquids,  and  10  to  100  cfm  for  gas. 


Fig.  2-47.  Vortex-Velocity  Flowmeter 


(3)  Differential  Pressure  Meters  (Ref.  153) 

Differential  pressure  meters  consist  either  of  a 
probe  or  a  constriction  in  a  conduit.  There  is  no  limit  to  the  size  of  these 


153  Linford,  A.,  op.  cit.  ,  pp.  131-138 
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OFFSET  VORTEX  CHAMBER 


ROTOR 


Main  flow  produces  vortex  in  offset  chamber. 

Vortex,  motion  is  sustained  by  enga.gement  of  portion 
of  vortex  periphery  and  adjacent  streamline  of  crowded  main 
flow.  Relation  is  "pulley  on  a  belt.  " 

Rotor  turns  with  vortex  v/hich  has  a  regulated  diame¬ 
ter  larger  thait  that  of  rotor.  Main  flov.^  does  not  engage  rotor 
blades. 


Shunt  flow,  not  shown,  supplies  fluid  to  center  of  vor¬ 
tex.  Resulting  radially  outward  flow  component  provides  neces¬ 
sary  relative  motion  to  avoid  tangential  slip  between  rotor  and 
vortex. 


By-pass  flow  is  regulated  by  calibrator  to  change  rela¬ 
tion  between  rotor  revolutions  and  total  flow.  Thus,  meter 
factor  can  be  adjusted  to  unity. 

Three  parallel  flows  have  common  pressure  drop  and 
operate  in  turbulent  range.  Hence,  measured  flow  is  constant 
proportion  of  total  flow. 


meters,  and  they  have  the  ability  to  handle  corrosive  fluids  containing 
large  amounts  of  suspended  matter. 


A  flowing  fluid  has  a  total  (ram  or  stagnation) 
pressure  which  is  the  sum  of  its  static  and  dynamic  pressures.  These 
terms  are  often  referred  to  as  total,  static,  and  dynamic  (velocity) 
head,  respectively,  when  the  pressure  is  expressed  in  feet  or  inches  of 
the  working  fluid. 

if 

=  total  pressure  (Ib/ft^) 

Pg  =  static  pressure  (Ib/ft^) 

Pjj  =  dynamic  pressure  (Ib/ft^) 

P  =  fluid  mass  density  (Ib-sec^/ft"^) 

V  =  fluid  velocity  (ft/ sec) 

Pt=Pg  +  Pd  (2-13) 

where 

P^=  (1/2)  PV^ 

therefore 

Pt=  Pg  +  (1/2)  PV^  (2-14) 

thus 

=  2(P.  -  Ps)/P  (2-15) 

TPi.-jJ  n _ _ j--  z  -  j: _ ^-1-- _ _ 

x  xux'.i  Juxuw  Xi&  i-iy  p x  i.xwiicai  uO  IxuxU 

velocity  and  therefore  to  the  square  root  of  the  differential  pressure,  as 
shown  by  equation  (2-15). 

(a)  Pitot  Tube 

The  Pitot  tube  may  be  used  to  measure  the 
differential  pressure  for  the  determination  of  velocity  or  volumetric  flow. 
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Fig.  2-49-  Pitot  Tubes 


The  Pitot  tube  is  inserted  into  the  stream 
of  fluid.  Fluid  is  brought  to  rest  in  the  center  tube  giving  total  pressure. 
Static  pressure  is  obtained  by  the  concentric  outer  tube.  A  differential 
pressure  gauge  is  used  to  measure  F.  -  P  which  is  proportional  to  the 
velocity  of  the  flow  at  the  point  in  the  stream  where  the  Pitot  tube  is  loca¬ 
ted.  To  ascertain  the  total  flow  through  a  conduit,  it  is  necessary  to 
relate  this  velocity  to  the  mean  velocity  of  the  flow.  It  is  usual  to  locate 
a  Pitot  tube  at  the  center  of  the  conduit  where  the  velocity  distribution 
curve  is  flattest.  The  ratio  of  mean  velocity  to  center  velocity  is  a  func¬ 
tion  of  Reynolds  number. 

(b)  Venturi  Tube 


Of  the  variou.s  forms  of  volumetric  flow 
meters,  those  which  employ  a  detecting  element  operati7ig  on  the  followiiig 
differential  pressure  principle  have  the  widest  application  .  The  operation 
of  the  detecting  element  is  based  upon  increasing  flow  velocity  (dynamic 
pressure)  causing  decreasing  static  pressure.  Thus,  if  total  pressure  is 
assumed  constant  between  sections  1-1  and  2-Z  (Figure  2-50),  equation 
(2-14)  becomes 

Pg^  +  (1/2)  /92V2^  =  Pg^  +(l/2)p^Vj^  (2-16) 
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Fig.  2-50.  Venturi  Tube 


When  dealing  with  compressible  fluids, 
the  density  at  section  1-1  is  not  the  same  as  the  density  at  section  2-2 
due  to  the  change  of  pressure.  However,  in  a  correctly  designed  dif¬ 
ferential  pressure  producing  device,  the  error  involved  is  negligible. 

From  (2-16),  it  maybe  seen  that 


^(I^si  -  ^^s,) 


P 


(2-17) 


since 


Ai  Vj  =  (2-18) 

by  substitution 

^2=\/^^Si  -  P^'^-^Z  (2-19) 

Thus,  the  square  root  of  the  static  pressure 
difference  is  a.  measure  of  the  volumetric  flow  rate. 
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In  addition  to  the  Venturi  tube,  tliere  are 
other  devices  available  for  ’nete.ring  fluid  by  this  principle.  The  cri¬ 
terion  for  such  a  meter  is  the  ability  to  produce  a  high  differential  pres¬ 
sure  with  a  low  total  pressure  loso.  Typical  devices  of  this  type  arc  the 
orifice  and  Dal.l  Tube. 


(c)  Orifice  Meter 

The  orifice  meter  shown  in  Figure  2-51 
is  a  thin  metal  plate  with  a  central  hole.  Pressure  taps  -re  provided  on 
each  side  of  the  orifice  plate.  3eing  simple  and  inexpensive,  the  orifice 


CARRIER 

/  ORIFICE 


Fig.  2-51.  Orifice  Meter 


generates  a  large  differential  pressure,  but  has  the  disadvantage  of  a 
large  total  pressure  loss,  primarily  due  to  dov/nstream  turbulence 

(d)  Dali  Tube 

The  Dali  tube,  illustrated  in  h'igure  2-52, 
combines  the  high  differential  of  an  orifice  with  the  low  loss  of  a  VeJituii. 
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Mass  Flow  Measurement  (Ref.  154) 


Devices  to  measure  mass  flow  or  weight  flow  have  aroused 
great  interest  during  the  past  few  years.  This  interest  stems  from  the 
need  in  industrial  process  control  and  military  fields  for  more  accurate 
and  faster  ways  of  metering  fluid  than  is  possible  with  conventional  in¬ 
ferential-type  flowmeters.  Inasmuch  as  missile  thrust  is  measured  in 
terms  of  the  weight  of  propellant  delivered,  mass  fljw  or  weight  flow 
information  is  of  infinitely  greater  value  and  importance  than  the  volu¬ 
metric;  flow  rate. 

Because  of  their  simpler  construction,  conventional  infer¬ 
ential  meters  such  as  area  or  head  meters  have  been  used  extensively  in 
the  past.  To  obtain  mass  rate  of  flow  information  from  these  meters,  the 
reading  must  be  corrected  for  related  fluid  properties  such  as  density  and 
viscosity  as  well  as  such  environmental  conditions  as  temperature  and 
pressure.  With  present  highly  developed  computational  techniques,  it  is 
theoretically  possible  to  correct  these  quantities  automatically,  and  any 
inferential  type  meter  can  be  made  to  m.easure  mass  rate  of  flow  by 
correcting,  with  suitable  transducers,  the  effects  of  density,  viscosity, 
pressure,  velocity/,  etc.  Unfortunately,  since  these  quantities  are  often 
interrelated  in  a.  rather  complicated  fashion,  a  high  degree  of  accuracy 
over  a  wide  flow  range  cannot  be  obtained  easily.  The  situation  is  com¬ 
plicated  further  when  the  fluid  is  nonhornogeneous  (i.  e.  ,  compressible 
fluid,  multiphased  fluid  such  as  mists,  slurries,  foams,  emulsions)  and 
when  the  flow  is  not  steady  (i.  e.,  pulsating  flow). 

A  true  mass  flowmeter,  on  the  other  hand,  is  one  that  can 
produce  a  signal  which  corresponds  to  the  mass  rate  flow  directly  and  is 
substantially  independent  of  various  fluid  properties  and  environmental 
conditions.  Since  m.odern  power  plants  ar.d  missiles  are  frequently  sub¬ 
ject  to  appreciable  transient  variations  in  fluid  properties,  the  relative 
independence  of  mass  flowmeters  on  these  variable  conditions  assures 
better  accuracy  over  a  v/ider  raiige  of  op'eration  than  compensated  infer¬ 
ential  meters. 

The  basic  types  of  flowmeters  are  listed  in  Table  along 
with  several  of  the  most  wi<lely  used  sub-classifications, 

154  Miesse,  C.  C.  ,  Study  of  Mass  Flowmeters  ,  Artaour  Research 
Foundation,  Final  Report  (ARF  I^rojoct  13173),  July,  1959. 
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Table  E-8.  Classification  of  Mass  Flowmeters 


Classification 

Sub  -Clas  sifi  cation 

Conventional  Inferential  Meters 
with  Automatic  Compensation 

Head  or  area  meters  with  density 
and  possible  viscosity  compen¬ 
sation.  Velocity  meter  with  den¬ 
sity  compensation. 

Transverse -Momentum  Flov/meter 

Radial  Flow  Type 

Axial  Flow  Type 

Gyroscopic  Type 

Forced  Circulation  Flowmeter 

Flow  Acceleration  Flowmeter 

Constant  displacement  pump 
Magnus  effect 

(1)  Transverse  Momentum  Flowmeter 

Utilization  of  the  momentum  force  of  the  iluid  stream 
to  measure  flow  rate  is  a  relatively  simple  matter.  Unfortunately,  the 
force  produced  is  not  merely  a  function  of  the  mass  rate  of  flow,  but  also  a 
function  of  density  of  the  fluid.  This  difficulty  can  be  overcome  by  super¬ 
imposing  a  known  velocity  in  a  direction  perpendicular  to  that  of  the  stream. 
The  force  required  to  accelerate  or  retard  the  fluid  stream  is  equal  to  the 
rate  of  change  of  momentum  in  the  transverse  direction,  which  in  turn  is 
proportional  to  the  mass  rate  of  flow.  Ma.ss  flow  signals  obtained  by  this 
method  are  substantially  independent  of  fluid  properties  such  as  \'iscosity, 
density,  and  homogeneity  and  environmenta.1  conditions  such  as  temperature, 
flow  patterns,  etc.  The  linear  relationship  between  the  mass  rate  of  flow 
and  the  force  output  is  also  a  very  desirable  feature.  The  three  different 
a  rangements  which  have  been  developed  are  known  as  the  radial  flow  tyj  e, 
axial  flow  type,  and  gyroscopic  type. 

(a)  Radial  Flow  Type 


The  radial  flowmeter,  also  known  -as  the 
Li  mass  rate  meter,  is  shown  in  Figure  2-53.  Its  flow  sensing  element 
is  in  the  form  of  a  tube  or  a  turbine  impeller.  The  fluid  flows  in  the  radial 
direction  relative  to  the  sensing  element,  and  each  fluid  particle  traces  a 
spiral-shaped  path  in  space.  The  sensing  element  is  forced  to  rotate  at  a 
constant  angular  velocity,  and  the  torque  required  to  rotate  the  sensing  ele¬ 
ment  is  a  linear  function  of  the  mass  rate  flow. 
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Fig.  2-53,  Schematic  Diagram  of  JLi  Mass-Rate  Flowmeter 
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The  operation  can  be  described  most  readily 
by  re'Cerriiig  to  the  special  illustraution  of  Figure  2-54  where  the  fluid  is 
assumed  to  fiov/  uniformly  through  a  straight  tuht;,  the  motion  of  each  par- 
ticalbeiiig  parallel  to  that  of  the  others.  The  tube  is  assumed  to  be  rotated 
at  a  constant  angular  velocity  a>  about  the  axis  0  intersecting  the  axis  of 
the  tube,  at  light  angles.  The  Coriolis  acceleration,  which  is  then  uniform 
everywhere  in  the  fluid,  is  given  by  the  ecjnation: 

a--2V<o  (2-20) 


where 


V  =  fluid  velocity  relative;  tc  the  tube. 

From  this,  it  can  be  shown  that  the  moment  about  0  due  to  the  Coriolis 
force  is  given  by 

M  =  (n(r^^  -  W  (2-21) 

Hence,  the  mornenc  or  torque  is  a  linear  function  of  the  mass  rate  of  flow, 

W. 

•tt  cat),  also  be  shown  that  the  shape  of  the 
flow  eoixs.ing  element  is  of  no  impiortaiice,  nor  are  the  properties  of  the  fluid 
or  the  nature  of  the  flov/  pattern  within  the  vesseL  The  only  significant  re¬ 
quirement  is  that  the  entrance  and  exit  velocities  relative  to  the  vessel  be 
radial.  If  this  condition  is  not  fuifijled,  an  additional  iiioment  will  be  pro¬ 
duced  by  the  tangential  components  oi'  the  velocities  as  in  the  case  of  a  radial 
flow  turbine,  and  the  linear  relationships  for  force  and  moment  will  no  longer 
apply. 

Practical  arrangevnent  embodying  this  prin¬ 
ciple  is  shown  in  Figure  2-55.  The  flow  sensing  element  in  this  case 
resembles  the  impeller  of  ?.  centr.'.fugal  pump.  It  is  enclosed  in  a  housing 
that  also  resembles  a  piunp  housing  except  that  it  rotates  v/ith  the  impeller 
and  is  mechanically  connef  ted  to  it  by  an  elastic  rvicmber  whose  distortion 
serves  to  measure  the  ironrc-nt  excited  cn  the  impelier  by  the  fluid,  and 
therefore,  the  mass  r?,te  flow.  The  v/hoie  asse.mbly  is  rotated  at  a  constant 
rate  by  an  external  motor,  aiid  connections  between  the  incoming  and  out¬ 
going  fluid  lines  are  rriadv-;  through  any  suitable  type  of  rotary  seal.  The 
impieller  is  provided  with  a  S'lfficicxit  number  of  radial  vanes  to  ensure 
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that  the  flow  is  substantially  radial  (See  Figure  2-56),  so  that  the  output, 
taken  from  a  device  that  measures  torsional  deflection  with  respect  to 
the  housing,  will  be  an  accurate  measure  of  the-  mass  flow  rate. 

It  is  interesting  to  note  that  in  the  arrange¬ 
ment  of  Fig\ire  2-55,  the  torque  required  to  drive  the  flow  sensing  element 
is  recovered  in  the  guide  vanes  in  the  housing,  with  the  result  that  the  only 
torque  which  the  driving  motor  must  supply  is  that  necessary  to  overcome 
bearing  and  seal  system  friction  and  windage.  It  should  also  be  noted  that 
the  signal  output  is  independent  of  this  frictional  torque. 

Such  a  device  as  depicted  in  Figure  2-55, 
unlike  some  other  types  of  flowmeters,  can  be.  used  bidirectionally;  i.  e.  , 
if  the  flow  reverses,  the  torque  produced  also  v/ill  reverse.  Similarly, 
the  torque  can  be  reversed  by  reversing  the  drive  motor,  or  the  scale  fac¬ 
tor  can  be  changed  by  changing  the  motor  speed. 

Basically,  the  only  source  of  error  in  this 
flowmeter  is  the  possible  tangential  component  of  the  relative  velocity  at 
either  the  inlet  or  the  outlet  of  the  impeller.  If  the  relative  velocity  can 
be  held  truly  radial  at  both  inlet  and  outlet  of  the  impeller  by  a  suitable 
arrangernent  of  vanes,  the  meter  can  be  very  accurate.  This  is  true  even 
if  the  fluid  is  compressible  or  nonhomogeneous. 

The  flowmeter  is  also  very  useful  for  pul¬ 
sating  type  flow  measurement,  since  the  basic  momentum  equation  is  valid 
even  when  the  flow  is  not  steady.  As  the  flowmeter  is  basically  linear, 
the  average  output  signal  is  a  linear  function  of  the  average  flow  rate. 

(b)  Axial  Flow  Type 

In  the  axial  flow  type,  a  ser.-sing  element 
having  a  series  of  parallel  flow  passages  is  made  to  rotate  about  an  axis 
parallel  to  the  flow  passages.  Tho  fluid  flo-ws  in  an  axial  direction  relative 
to  the  sensing  element,  and  each  fluid  particle  traces  a  helical-shaped  path 
in  space.  The  torque  required  to  drive  the  sensing  o.lement  is  also  a  linear 
function  of  the  mass  rate  flow. 


f..-  .'-..,.-,^0; 


One  flowmeter  of  the  axial  flov/  t-\rpe  is  the 
General  Electric  Mass  Flowmeter  which  consists  of  two  similar  cylinders 
placed  end-to-end  so  that  the  two  ax.<.-.s  coincide  (,5ee  Figure  2-57).  The 
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Fig.  2-55.  Schematic  Diagram  of  Coriolis  Type  Mass 

Flowmeter  (  Control  Engineering  Corporation) 


Fig.  2-56.  Particle  Path  Through  Flow  Sensing  Element 
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CONSTANT -SPEED  MOTOR  , HOITSING  INDICATOR 


ram  of  General  Electric  Mass  Flowmeter 


instrument  housing  closely  fits  the  outer  diameter  of  the  cylinders. 

Around  the  periphery  of  the  cylinders  are  located  a  number  of  passages, 
the  axes  of  which  are  parallel  to  the  axis  of  the  cylinder.  Fluid  moving 
through  the  pipeline  enters  the  passages  in  the  first  cylinder,  proceeds 
through  the  passages  in  the  second  cylinder,  aird  continues  along  the  pipe¬ 
line.  By  driving  the  upstream  cylinder,  termed  the  impeller,  at  a  constant 
angular  velocity  about  its  axis,  the  fluid  is  given  a  constant  velocity  at 
right  angles  to  the  fluid  flow.  This  angular  velocity  constitutes  a  change 
in  momentum  of  the  fluid.  The  second  cylinder,  termed  the  turbine,  is 
designed  to  remove  all  the  angular  momentum  from  the  fluid.  In  so  doing, 
a  torque  is  exerted  on  it  in  accordance  with  Newton's  second  law  of  motion. 
This  torque  deflects  a  spring  which  restrains  the  turbine.  The  angular  de¬ 
flection  of  the  turbine  is  a  measure  of  the  mass  rate  flow. 

The  equation  relating  the  mass  rate  flov/ 
and  the  torque  output  can  be  derived  by  using  the  law  of  angular  momentum. 
The  rate  of  change  of  angular  momentum  of  the  fluid  leaving  the  impeller  is 
W  w  K^,  where  K  is  the  average  radius  of  gyration,  the  value  of  which  de¬ 
pends  on  density  distribution  as  well  as  on  velocity  distribution.  In  this  case, 
Tq  >  K>ri,  where  and  rj  are  the  outside  and  inside  diameters  of  the 
openings,  respectively. 


If  the  turbine  is  placed  very  close  to  the  im¬ 
peller,  the  assumption  can  be  made  that  all  the  angular  momentum  generated 
by  the  impeller  is  absorbed  by  the  turbine.  By  the  angular  momentum  pidii- 
ciple,  the  torque  produced  on  the  turbine  is  equal  to  the  rate  of  flow  of  ang\ilar 
momentum.  Thus,  if  the  ang\ilar  velocity  u>  can  be  maintained  a  constant,  and 
if  K  can  be  assumed  a  constant,  the  torque  acting  on  the  turbine  will  be  a 
linear  function  of  the  mass  rate  flow.  This  torque  can  be  measured  conven¬ 
iently  by  the  use  of  a  mechanical  spring  and  a  dial,  as  shown  in  Figure  2-57 
or  converted  to  an  electrical  signal  by  a  suitable  angular  displacement  trans¬ 
ducer. 


In  operation,  there  is  some  coupling  effect 
between  the  impeller  and  the  turbine  even  when  the  flow  rate  is  equal  to  zero. 
This  coupling  effect  is  due  partly  to  the  viscous  drag  of  the  fluid  and  due 
partly  to  radial  flow  caused  by  centrifugal  force.  This  latter  action  is  very 
similar  to  the  fluid  coupling  in  an  automobile.  It  is  found  that  by  placing  a 
plate,  termed  a  decoupling  disc,  between  impeller  and  the  turbine,  the  coup¬ 
ling  effect  can  be  reduced  appreciably.  However,  the  plate  covers  only  the 
central  portion  of  the  conduit;  consequently,  the  viscous  drag  acting  on  the 
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outer  periphery  of  the  turbine  still  exists.  The  coupling  effect  is  probably 
one  possible  source  of  error,  especially  when  the  viscosity  is  high  and 
when  the  temperature  range  is  large.  Another  likely  source  of  error  is 
the  possible  variation  of  K  due  to  non~homogeueity  c'f  the  fluid.  When  the 
fluid  is  compressible,  the  density  at  the  outer  periphery  undoubtedly  will 
be  higher  because  of  centrifugal  force.  When  liquid  flow  is  measured, 
any  air  or  vapor  that  is  trapped  in  the  liquid  will  tend  to  collect  at  the 
inner  side  of  the  passages.  Both  conditions  can  cause  a  higher  value  of 
K-  Variation  of  velocity  distribution  in  the  passages  can  also  cause  var¬ 
iation  in  K. 

This  type  of  flowmeter  is  simple  compared 
with  some  other  methods  of  obtaining  true  mass  flow,  but  becomes  inac¬ 
curate  at  low  flow  rates,  where  extraneous  torques  exert  their  influence. 
Furthermore,  it  can  measure  flow  in  only  one  direction,  and  cannot  follow 
rapid  changes  in  flow. 

The  Avien  flowmeter  shown  in  Figure  2-58 
also  operates  on  the  axial  flow  principle.  It  contains  two  impellers  driven 
in  opposite  directions  at  a  speed  proportional  to  line  frequency.  This  ar¬ 
rangement  permits  measurement  in  either  direction  of  flow.  A  sensing 
wheel,  restrained  by  an  electromechanical  torquer  rather  than  a  mechanical 
spring,  removes  the  angular  momentum  from  the  fluid.  The  torque  motor 
providing  the  restraiTit  receives  an  amplified  potentiometer  signal  which  is 
proportional  to  the  angular  position  of  the  sensing  wheel,  and  thus  propor¬ 
tional  to  the  mass  flow  rate  times  the  angular  velocity  of  the  impeller. 

To  mahe  the  flowmeter  output  dependent  only 
on  the  mass  flow  rate  requires  a  constant  angular  velocity.  But  the  angular 
velocity,  being  proportional  to  line  frequency,  varies  with  changes  in  line 
frequency.  Such  variations  can  be  compensated  by  feeding  the  transducer 
output  signal  into  a  line  frequency  correcting  network  and  using  the  resulting 
output  to  drive  a  servo  amplifier-recorder.  When  the  line  frequency  varies 
from  nominal,  the  attenuation  of  the  correcting  network  changes  in  the  proper 
direction  to  compensate  for  the  change  in  impeller  angular  velocity. 

A  twin-turbine  mass  flowmeter  (Ref.  155)  is 
shown  in  Figure  2-59.  It  incorporates  a  rotor  having  two  sets  of  turbine 
blades  with  different  blade  angles,  coupled  by  a  spring  and  capable  of  rela¬ 
tive  nguL'.r  motion  with  respect  to  each  other.  As  a  result  of  the  blade 

155  "Engineered  by  Petter,  "  Potter  Aeronautical  Corpcratioii,  Union, 

New  Jersey. 
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ORQUE  SENSING  WHEEL 


-58.  Avien  Flowmeter 


Fig.  2~59.  Twin  Turbine  Mass  Flowmeter 


angle  difference,  the  two  sets  of  blades  tend  to  rotate  at  different  speeds, 
but  cannot  because  of  the  spring  coupling.  They  thus  take  an  angular 
displacement  with  respect  to  each  other,  the  magnitude  of  which  is  pro¬ 
portional  to  the  flow  momentum.  However,  the  rotor  assembly,  consi¬ 
dered  as  a  unit,  functions  as  a  volumetric  turbine  meter  rotating  at  a 
speed  proportional  to  the  average  fluid  velocity. 

In  terms  of  the  equilibrium  period  P  be¬ 
tween  the  two-rotor  system, 

e  =  2it  t/P  =  2tr  t  f  (2-22) 

where  t  is  the  time  for  the  two-rotor  system  to  sweep  the  deflection  angle, 
f  is  the  frequency  of  the  system,  and  0  is  the  phase  angle  between  turbines. 
On  other  h  3.11  d.  - 


0  =  T  k  (2-23) 

where  T  is  the  torque  and  k  is  the  spring  constant  for  the  coupling  spring. 
From  Equations  (2-22)  and  (2-23), 

t=(-^)-5—  (2-24) 

2ir  f 
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where  the  term  in  parentheses  is  constant. 


From  hydrodynamical  considerations 


T  -  Fr  =  iO  A  r 


(2-25) 


where  F  is  the  hydrodynamic  force  and  r  is  the  effective  radius. 


Hence 


,  k  r  ,  P  A 

t  =  ( - )  =  - 

2tr  f 


Since 


V 

^  ""  c' 

c'  k  r 

t-  (“ -  )  PA  V 

2it 


(2-26) 


(2-27) 

(2-28) 


Thus  by  measuring  the  elapsed  time  taken  for  the  phase  angle  displacement 
to  traverse  a  reference  point,  a  direct  measure  of  mass  flow  rate  is  effected. 

The  signal  output  is  generated  by  bits  of 
magnetic  material  (which  arc  part  of  each  turbine  assembly)  as  they  move 
past  the  coil.  Most  conventional  time  interval  measuring  instruments  can 
be  used  to  record  its  output. 

(c)  Gyroscopic  Type 

In  the  gyroscopic  type  of  meter,  the  trans¬ 
ducer  is  in  the  form  of  a  circular  or  square  loop  that  is  made  to  rotate  about 
an  axis  in  the  plane  of  the  loop.  No  net  torque  is  required  to  rotate  the  sen¬ 
sing  element,  but  a  torque  acting  in  a  direction  perpendicular  to  both  the 
pl3.ric  cf  loop  its  ctxis  g£  z’ot.s.'tion,  is  THis  is  3.1so  3. 

linear  function  of  the  mass  rate  of  flow. 

The  gyroscopic  meter  derives  the  name  from 
the  similarity  of  its  operation  with  a  mechanical  gyroscope.  Figure  2-60 
shows  that  the  meter  consists  of  a  fluid  conduit  bent  in  the  form  of  a  circle 
(or  a  square)  and  driven  at  an  angular  velocity  u)  about  the  A-axis.  The 
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whirling  fluid  produces  a  flywheel  effect  similar  to  <hat  of  a  mechanical 
gyroscope  rotating  about  the  C-axis-  Similar  to  a  i  lecl'anical  gyroscope, 


Fig.  2-60,  Gyroscopic  Mass  Flov/meter 


a  moment  T  acting  aboUL  an  axis  perpendicular  to  both  A  and  C  is  pro¬ 
duced.  This  moment  can  be  shown  to  be  a  functioii  of  the  mass  flow  rate 
through  the  flowmeter. 


To  simplify  the  discussion,  the  assumptions 
are  made  that  the  fluid  is  incompressible  and  homogeneous  and  that  the  flow 
is  laminar  and  evenly  distributed  across  the  cross-section  of  the  conduit. 

Ths  m-.ment  produced  about  the  B-axis,  can 
be  found  by  the  well  known  gyroscopic  equation: 
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T  I  Si  w 


(2-29) 


T  = 


W  ?.v  r  Cii 


(2-30) 


where 


I  polai  moinerit  of  inertia  of  fluid  in  conduit 
about  C-axir 

Si  "  avervo.ge  angular  velocity  of  fluid  in  conduit 
~  angular  v%elocity  about  the  A-axis 
average  radio of  conduit 
W  -  mass  rate  flow 

The  above  equation  shows  that  under  assumed 
conditions,  T  is  a  linear  function  of  the  mass  rate  flow  and  is  independent 
of  the  density  and  viscosity  of  the  fluid. 

(2)  Thermal  Flowmeters 

Mass  rate  of  flow  meters  have  been  developed  which 
are  based  on  thermal  concepts.  The  fundamental  idea  is  to  subject  a  heat 
sensitive  element  (thermocouple)  to  the  fluid  flow  and  measure  the  cooling 
which  takes  place.  The  instrument  is  a  mass  flowmeter  if  VKS  P  is  a  con¬ 
stant,  where  K  is  the  thermal  conductivity,  S  is  the  specific  heat  at  constant 
volume,  and  p  is  the  fluid  density.  For  many  fluids,  this  term  is  constant 
over  wide  range.s  of  pressure  and  temperature  allowing  the  instrument  to  be 
calibrated  directly  in  terms  of  pounds  of  gas  per  hour  passing  the  sensing 
element. 


The  Trans-Sonics  Type  1994  Mass  Flow  Transducer 
shown  in  Figure  2-61  consists  of  two  platinum  temperature  probes  extending 
from  a  case  (P.ef.  156).  The  platinum  resistance  windings,  located  at  the 
ends  of  the  probes  and  protected  by  stainless-steel  cages,  are  the  active 
elements  in  opposite  arms  of  a  dc  resistance  bridge. 


156  "Mass  Flow  Transducer  ,  "  Trans-Sonics  General  Catalog  and 
Transducer  Handbook,  Special  Product  Note  No.  1994. 
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Fig.  2»'d1.  Traiis-Sonics  Mass  Flov/meter 


The  platinum  resistance  windings  make  the  basic 
temperature  measuiements  frim  v/hich  the  total  mass  flow  in  the  duct  is 
determined.  When  the  transducer  is  installed,  tho  longer  probe  places  a 
winding  at  the  centerline  of  the  duct.  This  resistance  is  heated  by  a  re- 
iati /eiy  high  steady-state  current  and,  in  accordance  with  laws  of  heat 
transfer,  makes  the  fundaroei'ital  density-velocity  rr.easurement  a.s  it  is 
cooled  by  the  mass  flov.  in  the  duct. 

The  other  platinum  resistance  winding  on  the 
shorter  probe  is  unheated  and.  is  therefore  i  ot  significantly  affected  by 
mass  flow.  Its  pfirpose  is  to  compensate  for  changes  in  the  gas  tempera¬ 
ture  in  the  duct  by  introducing  a  voltage  which  Cancels  out  a.ny  bridge  un¬ 
balance  caused  by  the  g.as  temperature's  effect  on  (he  longer  stm.sing 
probe. 

Input  voltage  is  regiiiated  by  zenei  diode. s,  thus 
nLaintaining  a  constant  input  power  to  the  heated  probe  and  restricting 
heat  transfer  rate  to  a  dependence  of  mass  flow  lato  only. 

The  mass  flow  rate  output  signal  is  typrlcally 
calibrated  for  a  mass  flow  range  from  20-180  10ii,/n;in.  ,  although  other 
range  calibrations  are.  available  without  modification.  When  displayed  on 
a.  dc  microammetef,  the  instrument  error  i.s  '3%  of  full-scale  range  or 
!0%  of  the  actual  jnass  flow,  whichever  is  greater. 
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Summary 


Specifications,  operating  principles  and  advan¬ 
tages  of  several  true  mass  flowmeters  are  summari'sed  in  Table  2-9- 

2-6  MEASUREMENT  OF  ROTARY  SPEED 

a.  Introduction  (Ref.  157) 


The  systems  that  are  presently  used  for  measurement  of 
shaft  rotary  speed  in  aircraft  engine  auxiliaries  are  ac  induction  tacho¬ 
meters,  dc  tachometers,  and  drag-cup  or  drr.g-torque  tachometers. 

These  conventional  tachometers  systems  are  adequate  for  many  applica¬ 
tions  and  have  many  desirable  features,  including  long  development  and 
service  histories,  and  a  minimum  of  auxiliary  circuitry  required.  How¬ 
ever,  in  planning  advanced  weapon  systems,  there  is  a  need  for  improved 
techniques  for  measurenient  of  shaft  speed,  particularly  in  regard  to 
ability  to  operate  in  severe  ranges  of  temperature  and  nuclear  radiation 
environment,  operation  over  vvider  speed  ranges,  and  with  greater  ac¬ 
curacy. 


A.  complete  tachometer  system  includes  a  rotary  speed  trans¬ 
ducer,  aiixiliary  civcahts,  and  an  output  device.  The  transducer  ’portion 
of  a  tachometer  system  consists  of  an  element  or  elements  mounted  on, 
attached  to,  or  embodied  in,  the  shaft  which  is  to  rotate,  and  a  fixed  cle¬ 
ment  or  elements  in  proximity  to  the  rotating  elements.  The  functions  of 
the  transducer  elements  are  to  effect  an  exchange  of  energy  or  to  modify 
an  exchange  of  energy  between  the  fixed  and  moving  elements  which  is 
functionally  related,  in  some  manner,  to  shaft  angular  velocity,  and  to 
convert  the  speed-modified  energy  to  an  eleti’ical  signal.  It  is  clear  then, 
that  the  transducer  portion  of  the  tachometer  system  must  perform  in  the 
same  environment  as  the  rotating  shaft. 

The  auxiliary  circuitry,  as  here  defined,  consists  of  electri¬ 
cal  excitation  sources,  amplifiers,  demodulators,  counters,  special  power 
supplies,  or  other  circuitry  required  to  convert  the  electrical  output  of  the 
transducer  to  a  useful  form  and  level.  The  auxiliary  circuitry  need  not  be 
in  the  shaft  environment. 


157  Viskanta,  V.  Z.  ,  "A  Study  of  Rotary  Spe.cd  Measuring  Techniques,  " 
Armour  Research  Foundation  (WADD  TR  60-210),  February  I960,  pp.  1-3. 
AD257998 
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The  output  device  may  bo  an  indicator,  recorder,  or  signal 
converter  (the  latter  to  convert,  a  generally  usable  electrics],  signal  to  a 
specific  form  suitable  as  an  input  to  a  specific  device,  such  as  a  sub- 
carrier  oscillator  or  multiplexer  of  a  telemetry  system. 

.Rotary  speed  transducers  may  be  cla.ssified  as  either  analog 
or  digital.  In  an  analog  type  transducer  the  amplitude  .of  tlie  intelligence 
signal  is  a  function  of  rotary  speed  (usually  proportional  over  the  useful 
speed  range);  in  a  digital  type  transducer,  the  fr-aquency,  repetition  rate, 
or  time  interval  between  peaks,  of  the  intelligence  signs!  is  p rop.orti tu'a.'. 
to  the  rotary  speed.  Mo^t  conventional  tachometer  .system's  cire  of  the 
highly-developed  analog  type.  However,  since  digital  tachometer  transducers 
are  muc.h  less  sen.sitive  to  environmental  variations,  the  emphasis  of 
this  discussion  will  be  placed  on  digital  tachometer  development. 

b.  Analog  Transducers  (Ref.  158) 

(1)  General 

Tachometer  systems  v/hicl)  have  been  most  v/idtly 
used  in  the  past  employ  analog  transducers,  i.  c-  ,  ai:  electric.al  signal  is 
generated  or  an  excitation  \ol.tage  is  nrodulated  in  such  ?  way  that  iha 
output  voltage  or  modulation  amplitude  is  a  function  of  shaft  .rota,cy  sy  -cd. 
Through  the  years,  these  instruments  have  been  improved  to  nT.;et  in- 
creasi.rgly  stringent  performance  requirements.  As  a  result,  the,se  de¬ 
vices  are  satisfactory  for  many  applications,  and  rriay  be  preferred  foi 
some,  since  minimum  tachometer  system  size  and  con,plexity  may  he 
attained  using  analog  techniques. 

Amoijg  the  electrical  tachometer  transdu.cer s  of 
importance  are  t 'le  ac  induction  tachomete.r ,  tlie  drag-^torque  tachometer, 
the  de  tachomc'  and  the  permanent  magnet  alternator. 

(2)  AC  Induction  Tachometer 

The  conventional  ac  induction  tachometer  is  es¬ 
sentially  a  variable  coupling  transformer  in  which  the  coupling  coefficient 
is  proportional  to  rotary  speed.  One  phase  winding  of  the  unit  i.s  cxc’ted 


158  Ibid.  :  pp-  5-6. 
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by  an  ac  voltage  (line  or  supply  frequency),  and  an  ac  voltage  at  excitation 
frequency  and  proportional  in  amplitude  to  tlie  rotany  speed  is  obtained  at 
the  output  phase  winding.  Rotation  with  the  shaft  of  the  rugged  squirrel 
cage  or  drag  cup  rotor  produces  the  shift  in  flux  distribution  on  wiiich  the 
principle  of  operation  of  tlie  device  i.s  based.  I'or  auxiliary  equipment, 
the  device  requires  a  source  cf  excitation  voltage  that  is  stable  in  ampli¬ 
tude  and  frequency. 

This  tachometer  is  not  suited  to  telemetry  appli¬ 
cations  and,  therefore,  will  not  be  further  discussed  herein. 

(3)  Drag-Torque  Tachometer 

I'he  drag-torque  tachometer  consists  of  a  perma¬ 
nent  magnet  mounted  on  the  rotating  sliaft  and  inside  a  metallic  dish  or 
cup.  The  rotating  magnet  produces  an  eddy  current  torque  on  the  cup 
which  is  prop'ortional  to  the  shaft  .speed.  If  the  cup  is  mounted  on  good 
bearings  and  is  restrained  by  a  precision  spring,  the  angular  deflection  of 
the  spring  may  be  measured  electrically  to  p^rovide  an  analog  repre.sentation 
of  shaft  speed. 

Since  ihis  transducer  requirer.  a  second  transducer 
to  convert  displacement  (angular  deflection  of  the  spring)  to  an  elect'rical 
sigiial,  it  is  not  well  suited  for  telemetry^  puvpo.ses  and,  will  not  b  ,  further 
discussed  herein. 

(4)  DC  Tachometer  Generator 

The  conventional  dc  tachometei'  is  essentially  a 
small  permanent  magnet  or  sep>arateT/  excited  generator.  Tim  permanent 
magnet  type  requires  no  auxiliary  equipment;  the  separa.ely  excited  type 
requires  a  dc  source.  One  of  the  cliie.f  adva.ntagcs  of  the  ac  tachometer  is 
high  gradient  (v'olts  per  rpm,  10  to  20  volts  pei  1000  rprn  attainable)  in  a 
very  small  size.  One  of  the  m.a.'n  disadvai.tages  is  that  a  commutator  and 
brushes  are  required.  Brushes  involve  operating  problems  (brush  vibra¬ 
tion,  and  arcing,  particv’lurly  at  altitude)  and  maintenance  j.iroblems  (mois¬ 
ture,  deposits  of  brush  carbon  on  vlie  commutator,  btusli  ai'd  commutator 
wear). 

J'or  app.lications  where  the  direction  of  shaft  rota¬ 
tion  must  be  telemetered,  the  dc  t.achometer  generator  is  useful  since  its 
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output  polarity  is  dependent  upon  rotational  direction.  The  output  voltage 
of  the  permanent  magnetic  type  may  be  calibrated  to  provide  an  accuracy 
of  0 .  25  -  0 .  1  %  of  the  maximum  rpm  rating. 

(5)  Permanent  Magnet  Alternator 

The  permanent  magnet  alternator  is  similar  to 
a  constant  field  synchronous  generator  and  produces  a  linear  output  volt¬ 
age  proportional  in  amplitude  and  frequency  to  shaft  speed.  Performance 
is  said  to  be  poor  at  low  speeds.  With  rectifier  auxiliary  circuitry  on  the 
output,  dc  voltage  proportional  to  speed  over  a  wide  range  (not  approaching 
zero)  can  be  obtained  without  brushes  or  sliding  contacts. 

The  frequency  characteristic  of  its  output  provides 
a  more  accurate  measurement  of  rotational  speed  since  it  is  unaffected  by 
loading,  temperature  variations  resulting  from  ambient  conditions  and 
self- heating,  and  armature  misalignments  caused  by  shock  ?,nd  vibration. 
Through  use  of  external  circuitry,  the  frequency  may  be  converted  to  a 
proportional  dc  voltage.  This  voltage  may  be  utilized  for  controlling  a 
voltage-controlled  oscillator  of  a  frequency-division  telemetry  system  or 
applied  to  the  multiplexer  of  time-division  systems.  Figure  2-62  shows  two 
possibilities  wherein  amplitude  variations  (as  a  function  of  rotational  speed) 
are  removed  by  a  limiter  or  multivibrator.  The  output  of  this  device  may 
then  be  fed  through  a  dc  restorer  circuit,  an  integrator,  and  a  filter  to 
provide  a  single-ended  dc  voltage  which  is  linear  with  generator  speed  and 
has  zero  output;  at  zero  speed.  Figure  2-62  also  shows  that  the  amplitude- 
limited  signal  may  be  fed  through  a  low-pass  filter  to  a  frequency  discrim¬ 
inator.  The  filter  eliminates  harmonics  of  the  fundamental  frequency  which 
result  from  tlie  amplitude  limiting  function.  The  discriminator  output  may 
provide  a  double-ended  dc  voltage  with  zero  output  oceux-ring  at  a  specific 
frequency  (speed  of  rotation).  Thus,  variations  about  this  pre-selected 
frequency  may  be  telemetered,  rather  than  the  actual  frequency.  Of  course, 
numerous  variations  of  the  circuitry  shown  in  Figure  2-62  are  possible  and 
the  complete  frequency-to-dc  conversion  may  be  accomplished  in  an  ex¬ 
tremely  small  volume  through  use  of  transistors  and  miniaturized  packaging 
techniques . 


The  permanent  magnet  alternator  may  also  be  used 
for  the  measurement  of  speed  differences  by  connecting  the  outputs  of  two 
speed  measuring  circuits  to  a  differential  bridge  as  shown  in  Figure  2-63. 
The  indicated  difference  speed  is  independent  of  the  actual  speeds. 
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c.  Digital  Transducers  (Ref.  159) 

(1)  General 

The  units  of  measurement  of  shaft  speed  are  events 
per  unit  time.  The  units  most  often  used  are  revolutions  per  minute  (rpm). 
With  the  availability  of  electronic  counting  circuitry  and  precise  time  in¬ 
terval  measurement  circuitry,  digital  measurement  of  shaft  speed  can  be 
accomplished  readily.  If  a  reference  mark  or  some  discontinuity  in  a 
readily  measurable  physical  property  is  placed,  on  or  in  the  shaft,  the  speed 
of  which  is  to  be  measured,  the  number  of  passages  of  the  reference  mark 
or  discontinuity  past  a  fixed  sensing  element  in  proximity  to  the  shaft  per 
arbitrary  unit  of  time  will  provide  a  measure  of  shaft  speed.  If  a  number 
of  reference  marks  or  discontinuities  are  placed  uniformly  around  the 
periphery  of  the  shaft,  fractions  of  a  revolution  can  be  detected  and  counted. 

For  purposes  of  description,  a  digital  tachometer 
system  is  considered  to  be  composed  of  a  transducer,  essential  auxiliary 
circuits,  and  optional  auxiliary  circuits  (such  as  indicator  or  encoder)  as 
shown  in  block  diagram  in  Figure  2-64. 

The  function  of  the  transducer  is  to  convert  shaft 
rotation  into  an  electrical  signal  representing  rotary  speed.  For  a  digital 
tachometer  system,  the  transducer  consists  of  an  appropriate  sensing  ele¬ 
ment  in  proximity  to  the  shaft,  and  reference  marks  or  discontinuities  in¬ 
corporated  in  or  attached  to  the  shaft.  The  essential  auxiliary  circuits  or 
devices  include  an  energy  source  and  any  circuitry  required  for  proper 
sensor  operation.  The  optional  auxiliary  circuitry  is  that  required  to 
obtain  a  digital  indication,  an  appropriate  digital  code  at  the  proper  sampling 
rate  for  input  to  other  digital  equipment,  and/or  digital-to-analog  conver¬ 
sion  or  frequency-to-voitage  conversion  for  analog  input  to  telemetry 
equipment. 


The  energy  source  is  generally  an  essential  auxiliary 
circuit,  although  it  may  be  part  of  the  transducer  (as  in  the  case  of  a  perma¬ 
nent  magnet  generator).  The  transducer  performs  the  functions  of  modifying 
the  energy  supplied  by  means  of  the  discontinuities  on  the  shaft,  and  of 
sensing  the  modified  energy.  Only  the  transducer  need  be  in  the  region  of 
extreme  temperature  and  radiation  environment;  i.  e.  ,  part  of  the  transducer 


1.59  Ibid.  ,  pp.  9-13. 
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is  on  the  shaft  (the  discontinuities)  and  part  is  in  proximity  to  the  shaft 
(the  sensor).  The  essential  and  auxiliary  circuits  and  devices  can  be 
remote  from  the  shaft  environment  without  significant  degradation  of 
information  from  the  sensor. 

(2)  Features  of  Digital  Tachometer  Systems 

An  ideal  digital  tachometer  system  would  consist 
of  a  transducer  which  would  produce  one  pulse  or  one  cycle  of  alternating 
current  for  every  time  a  shaft  di s continuity  passed  the  fixed  sensor  ele¬ 
ment,  with  signal  amplitude  constant,  independent  of  shaft  speed,  environ¬ 
ment,  and  circuit  variables.  The  essential  auxiliary  circuits,  in  addition 
to  providing  excitation  or  power  to  the  device,  would  consist  of  means  for 
recognizing  one  pulse  or  one  cycle  of  the  transducer  output.  If  signals 
are  of  constant  or  near  constant  amplitude,  the  recognition  circuits  can 
be  much  simpler  in  design  than  if  the  signals  vary  widely  in  amplitude. 

A  choice  could  then  be  made  of  appropriate  optional  circuitry  to  count  and 
display  or  encode  the  number  of  pulses  or  cycles  per  unit  time,  or  to  con¬ 
vert  the  signal  repetition  rate  to  an  analog  voltage  amplitude. 

If  the  signal  amplitude  varies  due  to  extraneous 
factors  such  as  environmental  changes,  the  system  will  remain  operative 
and  accurate  as  long  as  the  signal  amplitude  does  not  drop  below  the  level 
of  system  noise  or  below  the  threshold  of  the  recognition  circuits,  and  as 
long  as  the  signal  amplitude  does  not  increase  to  the  point  where  auxiliary 
amplifiers  are  overloaded.  This  allows  a  wide  range  of  operating  conditions 
inherently,  which  an  analog  transducer  system,  in  general,  does  not.  In 
addition,  feedback  techniques  may  be  employed  in  some  situations  to  extend 
the  operating  range  by  adjusting  transducer  excitation  or  signal  preamplifier 
gain  to  maintain  the  signal  level  nearly  constant  or  at  least  inside  the  range 
of  the  recognition  circuit. 

Ircoortant  criteria  for  digital  siiaft  speed  transducers 
are  the  signal-to-noise  ratio  and  amplitude  difference  between  the  two  states 
of  the  transducer  (pulse  and  no-pulse,  or  maximum  and  minimum  values  of 
alternating  signals).  As  long  as  the  auxiliary  circuitry  can  distinguish  be¬ 
tween  two  states,  the  number  of  changes  of  state  (that  is,  shaft  revolutions 
or  sub-intervals  of  a  revoluticn)can  be  counted  per  unit  time.  Therefore, 
the  accuracy,  resolution,  and  dynamic  range  of  the  tachometer  system  will 
depend  to  the  greater  extent  on  the  characteristics  of  the  auxiliary  circuits 
and  not  on  the  transducer.  Although  tlie  transducer,  being  in  the  shaft  en¬ 
vironment,  may  be  subjected  to  environmental  extremes,  the  auxiliary 
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circuit  can  be  located  at  a  distance  from  the  transducer  in  a  more  mod¬ 
erate  and,  possibly,  controlled  environment.  Amplitude  or  piiaac 
degradation  of  signals  due  to  the  leads  or  lines  between  transducer  and 
circuits  will  not  affect  performance  as  long  as  the  degradation  is  not  so 
extreme  as  to  mask  the  signals  entirely. 

In  summary  then,  the  digital  technique  applied  to 
tachometer  systems  permits  some  further  design  freedom  on  the  trans¬ 
ducer  and  broaden.s  the  range  of  signal  amplitude  variation  that  is  per¬ 
missible,  at  the  expense  of  some  additional  external  circuitry. 

(3)  Transducer  Types 

The  most  important  distinguishing  feature  in  the 
various  types  of  transducers  is  the  type  of  energy  that  is  utilized.  Sen¬ 
sors  using  electric  (ac  capacitive),  electrostatic  (dc  capacitive),  mag¬ 
netic  (eddy  current,  variable  reluctance,  permanent  magnet),  electro¬ 
magnetic  (microwave,  light)  acoustic  (sound  waves,  pneumatic  impulses) 
and  nuclear  energies  have  been  devised;  however,  some  are  not  suitable 
for  use  in  military  flight  vehicles.  Several  types  are  discussed  in  the 
follov/ing  paragraphs.  A  comparison  of  digital  rotary  sensors  is  presented 
in  Table  2-10  (Ref.  l60). 

(4)  Capacitive  Tachometer  Transducer  (Ref.  161) 

(a)  General 

For  measurement  of  rotary  speed,  a  dynamic 
capacitor  or  capacitive  transducer  element  with  capacitance  a  function  of 
shaft  position  can  be  constructed  in  a  number  of  ways,  A  simplified  sketch 
of  a  complete  capacitive  transducer  is  given  in  Figure  2-65.  The  capacitor 
is  formed  by  the  metallic  stator  plate  and  a  rotor  plate  which  is  attached  to 
the  shaft.  The  capacitor  has  maximum  capacity  for  the  shaft  position  illus¬ 
trated  in  Figiire  2-65,  and  minimum  capacitance  for  a  shaft  position  rotated 
180"  (corresponding  to  the  broken  line).  To  convert  the  cyclical  variations 
of  capacitance  into  an  electrical  signal,  an  excitation  source  E  and  resistor 
R  are  also  shown. 


160 

Ibid. ,  p. 
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Ibid.  ,  pp 
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Fig.  2-65.  A  Simplified  Sketch  of  a  Variable 
Position  Capacitive  Transducer 


(b)  Transducer  Structures 

There  are  two  techniques  that  can  be  used 
to  produce  capacitance  variation  as  a  function  of  shaft  position:  the  rela¬ 
tive  position  of  the  capacitor  plates  can  be  varied,  or  the  dielectric  constant 
between  the  plates  can  be  varied.  The  capacitor  shown  in  Figure  2-65  is  a 
simple  variable  position  capacitive  transducer  element.  Such  a  capacitor 
can  be  used  only  where  the  rotating  shaft  makes  electrical  contact  through 
the  bearings  to  some  stationary  part  of  the  equipment  which  is  electrically 
grounded.  Since  an  electrical  connection  through  a  bearing  is  generally 
unreliable,  a  split-stator  capacitor  which  does  not  require  electrical  contact 
with  the  rotor  plate(as  illustrated  in  Fig.  2-66)  is  preferred. 

A  variable  dielectric  constant  transducer 
results  it,  instead  of  a  metallic  plate  in  the  split  stator  configuration,  a  rotor 
havine  a  tiinHcT-  Hit.lfar'trif'  f^onstant  ttian  tlif*  amhir>nt  fluid  mpdiiim  bolwenn  the 
pla.tes  is  used.  In  this  case,  the  effective  dielectric  constant  is  a  function  of 
rotor  position  and  the  capacitance  varies  cyclically  for  every  revolution  or 
fraction  of  a  revolution.  Since  dielectric  materials  are  more  affected  by 
changes  in  environment  than  are  metals,  the  following  discussion  will  place 
emphasis  on  the  split-stator  variable  position  transducer. 
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The  nunibi-r  of  ti'ansducer  structure  geo¬ 
metries  or  configurations  that  can  be  used  is  virtually  unlimited.  Sketclies 
of  a  number  of  configurations  arc  shown  in  Figures  2-67  througl)  2-70.  In 
all  the  diagrams,  the  capacitance  rotor  consists  of  a  niodification  of  a 
portion  of  the  shaft.  Since  a  given  sliaft  may  have  a  smaller  diameter, 
lower  electrical  conduc'^ivity,  or  higher  interfering  magnetic  permeability 
than  would  be  desired  for  the  transducer,  the  sliaft  geometry  modification 
can  be  obtained  by  attaching  a  disk  of  appropriate  shape  and  material  to 
the  shaft. 


The  sketches  show  only  variable  position 
capacitors.  However,  for  the  split-stator  arrangements,  the  rotor  cculd 
be  repls-ced  by  a  high  dielectric  material,  producing  a  variable  dielec!  ric 
transducer. 


(c)  Transducer  and  Auxiliary  Circuits 

There  are  three  basic  techniques  that  can 
be  used  to  convert  capacitance  variations  to  voltage:  (1)  the  dc  excited 
capacitive  transducer  which  can  be  considered  as  an  electrostatic  genera¬ 
tor,  (2)  the  ac  excited  transducer  which  involves  measurement  of  impedance, 
and  (3)  the  use  of  the  transducer  capacity  in  the  tank  circuit  of  an  oscillator 
thus  obtaining  a  frequency  modulated  signal.  The  intelligence  signals  can 
then  be  amplified  and  demodulated  to  provide  an  appropriate  signal  to  a 
telemetry  system. 


A  general  capacitive  transducer  circuit  using 
ac  excitation  is  shown  in  Figure  2-71.  This  is  essentially  an  electrostatic 
generator  because  the  voltage  across  the  capacitor  increases  as  the  plates 
are  separated. 


An  approximate  solution  of  the  circuit  shown 
in  Figure  2-71  can  be  obtained  if  it  is  assumed  that  the  charge  on  C  remains 
approximately  constant  during  one  cycle  of  capacitance  variation.  This  con¬ 
dition  requires  that  the  time  constant  RC  in  seconds  should  be  much  larger 
than  60/nP  which,  at  low  rotary  .speeds,  maybe  difficult  to  fulfill.  Assuming 
that  capacitance  varies  sinusoidally  and  initial  capacitance  is  C^,  the  ampli¬ 
tude  and  frequency  (but  not  the  waveform)  of  the  generated  ac  potential  is 
given  by 

2  E  C,  C 

V= - .r -  cosw^t  (2-31) 

C  C 
max  min 
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Fig.  2-69.  A  Simplified  Sketch  of  a  Variable  Position  Capacitive  Transducer 


Fig.  2-70.  Sketch  of  Split-Stator  Gear  Type  Structure 


Fig.  2-71.  Electrostatic  Type  Circuit  Schematic  Diagram 
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where 


V  =  generated  signal  in  volts 
E  =  excitation  potential  in  volts 
C  =  Cq  +  C  cos  w 
Cq  -  1/2 

C  -  J/2(C„ax-C„i„) 

^max  ~  naaximum  transducer  capacity 
Cmin  “  minimum  transducer  capacity 
o>  -  (tt/ 30)  nP  in  radians 
n  =  speed  in  rpm 

P  =  resolution  or  number  of  capacity  changes 
per  revolution 


Thus,  the  amplitude  of  the  output  signal  for  an  ideal  transducer  at  high  shaft 
speeds  is  determined  by  the  percent  change  in  capacitance  and  is  constant. 


If  the  peak  to  peak  ac  component  of  the  voltage 
across  the  transducer  capacitor  is  small  in  comparison  to  the  dc  component, 
(short  RC  time  constant),  the  generated  voltage  is 


V  = 


-10~^  TT 

30 


A 

n  E  P  C  R.  sin  (.0  t 
L  m 


(2-32) 


where 


R-  =  load  resistance  in  megohms 

Experimental  work  by  the  Armour  Research 
Foundation  has  shown  that  equation  (2-32)  is  approximately  valid  at  low  speeds, 
and  therefore,  the  amplitude  of  the  generated  signal  at  low  speeds  is  propor¬ 
tional  to  the  change  in  capacitance  and  to  shaft  speed  (Ref.  162).  From  analysis 


ar)'^  experiments,  it  has  been  found  that  the  dc  excited  capacitance  rotary- 
speed  sensor  does  not  meet  the  requirement  of  the  ideal  sensor  for  a  digital 
sensor  at  low  speed,  even  though  signal  frequency  is  proportional  to  shaft 
speed,  since  signal  amplitude  varies  with  speed.  Thus,  the  lower  limit  of 
dynamic  range  of  this  class  of  sensor  in  a  digital  system  would  depend  on 
the  voltage  thresliold  of  the  signal  recognition  circuit  rather  than  on  the  least 
count  of  the  optional  auxiliary  circuit.  The  dc  excited  capacitance  transducer 
can  be  used  as  an  analog  system,  since  peak  to  peak  signal  amplitude  is  pro¬ 
portional  to  shaft  speed,  but  only  in  the  speed  range  above  the  point  where 
signal  amplitude  is  great  enough  to  be  readily  measurable  and  below  the  re¬ 
gion  in  which  signal  frequency  approaches  the  reciprocal  of  the  time  constant 
of  the  circuit- 

A  simple  ac  excited  capacitive  transducer  is 
shown  in  Figure  2-72.  A  physically  small  transducer  will  necessarily  re¬ 
sult  in  small  voltage  variations  because  of  the  inherent  low  percentage  change 


0 


R 


L 


Fig.  2“72.  Schematic  Diagram  of  Simple  AC 
Excited  Transducer  Circuit 


in  capacitance.  For  this  reason,  a  sensitive  impedance  measurement  cir¬ 
cuit  is  desired.  A  parallci  resonant  bridge  may  be  used;  however,  it  is  sen¬ 
sitive  to  environmental  changes  because  the  impedance  of  the  arms  depends 
on  the  Q  of  the  circuit  elements.  A  simple  circuit  for  detection  of  ampli¬ 
tude  modulated  signals  is  si  own  in  Figure  2-73.  The  detector  circuit  is  only 
given  for  the  purpose  of  illustration.  In  case  small  changes  of  capacitance 
must  be  measured,  additional  stages  of  amplification  may  be  required. 

Since  the  modulation  frequency  is  proportional  to  shaft  speed,  and  modulation 
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frequency  is  proportional  to  shaft  speed,  and  modulation  amplitude  is 
relatively  constant  with  speed,  the  ac  excited  capacitance  transducer 
meets  the  general  requirement  for  a  digital-type  tachometer  system. 

In  the  oscillator-type  circuit,  the  trans¬ 
ducer  capacitor  may  be  used  in  the  tank  circuit  to  cause  frequency  mo¬ 
dulation  of  the  oscillator's  output  signal.  In  this  system,  the  oscillator 
frequency  varies  with  shaft  position  and  shaft  speed  is  indicated  by  the 
rate  at  which  frequency  changes.  In  addition  to  the  oscillator,  auxiliary 
circuits  are  required  to  demodulate  the  fm  signal,  to  count  the  number 
of  frequency  changes  (maxima  to  minima)  per  unit  time,  and  to  convert 
the  count  to  a  digital  code  which  is  suited  to  telemetry  systems- 

Another  technique  using  the  oscillator- 
type  circuit  is  to  utilize  the  change  in  Q  due  to  capacitance  change  with 
shaft  position.  If  the  nominal  oscillator  frequency  is  much  higher  than 
the  frequency  equivalent  of  the  shaft  speed,  the  oscillator  gain  may  be  se¬ 
lected  such  that  oscillations  are  sustained  only  when  the  tank  circuit  Q  is 
a  maximum.  In  this  mode  of  operation,  the  oscillations  start  and  stop 
as  capacitance  varies  due  to  shaft  rotation.  A  count  of  the  number  of  bursts 
of  oscillations  per  unit  time  provides  a  measure  of  shaft  speed.  The  var¬ 
iable  Q  circuit  is  not  suitable  for  a  nuclear  radiation  environment  because 
the  presence  of  nevitron  flux  causes  a  decrease  in  the  capacitor's  leakage 
resistance  and  a  corresponding  decrease  in  Q  occurs. 

(5)  Variable  Reluctance  Tachometer  Transducers 

(Ref.  163) 

(a)  Gener-al 

The  reluctance  of  a  high  permeability  magne¬ 
tic  circuit  of  uniform  cross  section  can  be  approximately  expressed  by 

R=  - - -  (2-33) 

M  e 


where 


R  =  reluctance  (gilberts /maxwell) 
A  =  cross-sectional  area  (cm^) 


163  Ibid.  ,  pp.  37-48. 
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i’  =  average  length  of  the  core  (cm) 

l<-  Q  -  effective  permeability  of  the  circuit 
(gauss /oersted) 

In  this  application,  it  is  convenient  to  consider 
that  pe  varied  by  bringing  magnetic  material  in  proximity  to  the  mag¬ 
netic  circuit.  The  length  of  the  core  i’  and  the  cross-sectional  area  A  are 
assumed  to  be  fixed.  In  order  to  produce  large  percentage  changes  in  re¬ 
luctance,  it  is  necessary  to  have  an  air  gap  in  the  high  permeability  mag¬ 
netic  core.  The  approximate  effective  permeability  of  such  a  circuit  is 


I'-  m 


(2-34) 


where 


/y,  m  “  permeability  of  core  material  (gauss/oersted) 
ag  =  effective  air  gap  length  (cm) 


The  effective  air  gap  length  can  be  varied 
by  introducing  high  permeability  magnetic  material  in  the  gap  or  in  the 
proximity  of  the  gap. 


If  a  coil  is  wound  around  the  core,  the  poten¬ 
tial  induced  in  it  due  to  the  rate  of  change  of  flux  is 


V 


-10 


-8 


-10 


-8 


(2-35) 


where 


V  =  potential  induced  in  the  coil  (volts) 

N  =  number  of  turns 

F  =  NI  =  magnetomotive  force  (gilberts) 
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Tho  coil  iiidactancc  iiiay  be  expressed  by 


L  =  N^/R  (Z-36) 

whe  re 

L  =  coefficient  of  inductance 

It  is  seen  from  equations  (2-35)  and  (2-36) 
that  reluctance  can  be  determined  from  induced  potential  or  inductance. 

Bridj^e  and  oscillator  circuits  may  be  used  for  the  measurement  of  induc¬ 
tance.  They  are  similar  to  those  previously  described  for  the  measurement 
of  capacitance  and,  therefore,  will  not  be  described  in  connection  with  var¬ 
iable  reluctance  transducers. 

(b)  Transducer  Structures 

A  variable  reluctance  transformer  type  tach¬ 
ometer  transducer  is  illustrated  in  Figure  2-74.  For  tlie  rotor  position 
shown  in  Figure  2-74,  the  reluctance  is  minimum  and  the  potential  induced 
in  the  secondary  winding  is  maximum.  Numerous  oiher  configurations  may 
be  used.  Figure  2-75  shows  a  gear  type  chopper  structure  and  Figure  2-76 
shows  a  differential  transformer  with  a  similar  type  chopper. 

Assuming  sinusoidal  variation  of  permeability, 
regulated  current  source,  and  equal  permeability  ol  the  cltoppcr  and  core, 
equation  (2-35)  for  a  dc  excited  transducer  can  be  reduced  to 

V=  (10-8/i>)  lA  sin  w  j^^t  (2-37) 

where 


I  =  excitation  current  (amperes) 

Nj  =  number  of  turns  on  the  excitation  winding 
=  number  of  turns  on  the  outi^ut  winding 
-•  (2tt/60)  nP  (radians) 


END  VIEW  OF  THE  ROTOR 


Fig,  Z-IA.  Variable  Reluctance  Transducer 


n 
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Fig.  2-75.  Gear  Type  Chopper  Transducer  Structure 

P  =  resolution  or  number  of  reluctance  changes 
per  shaft  revolution 

M  e  =  (  M  eo  +  e 

u  =  (1/2)  (li,  -  u  -  ) 

^  e  '  '  '  max  min 

/*eo”  (/  e  max  e  min^ 


For  high  permeability  core  and  chopper, 
i.  e.  ,  for  »  (  //a),  /ig  can  be  calculated  from  equation  (2-34)  and 

is  approximately  equal  to 


A  _  b( f  +  a) 

^  ®  2a  (a  -  b) 


(2-38) 


where  (See  Figure  2-74) 

a  =  actual  air  gap  length  (cm) 
b  =  thickness  of  chopper  (cm) 
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Fig.  2-76.  Differential  Output  Transducer  Structure 


For  the  ac  excited  transducer  case,  the 
induced  potential  in  the  secondary  is  a  function  of  the  effective  permeability 
and  is  approximately  equal  to 


V  =  (10-8/ i'  )  A  IX 


sin 


0)  t 
c 


f, 

K 


A 

Me 

Meo 


A 


A 

/X  e 


/^eo 


yO 


m 


sin 


OJ  t  sin  (  t  +  JH-) 
m  c  2 


(2-39) 
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where 


1=1^  cos  <t»  =  excitation  current  (amperes) 

For  measurement  of  low  speeds  and/or 
low  resolution,  it  may  be  assumed  that  u  and  equation  (2-39) 

reduces  to 


V  -  (10'^/  /  )  N,  N;>  A  I  /i  0) 
i  ^  c  eo  c 


(2-40) 


Equation  (2-40)  is  for  an  amplitude  modu¬ 
lated  signal  and  the  modulation  index  is  (See  Figure  2-74) 

A 

e  =  ^  _  (2-41) 

yUgQ  2a  +  ba  -  bf 

It  is  seen  that  the  percent  modulation  is 
limited  by  the  minimum  spacing  between  the  rotor  and  stator.  For  an  ideal 
differential  output  transformer  (See  Figure  2-76),  the  steady-state  compo¬ 
nent  of  the  output  signal  (the  component  of  the  output  which  is  independent 
of  rotary  speed)  is  cancelled  and  the  unity  in  brackets  of  equation  (2-39)  drops 
out.  The  output  voltage  from  an  ideal  differential  transformer,  therefore,  is 
a  suppressed  carrier  t^qDe  signal.  Smaller  percent  changes  in  reluctance  can 
be  detected  using  the  differential  output  transducer  than  the  ordinary  trans¬ 
former  circuit. 

(c)  Magnetic  Sensor  (Ref.  164) 

From  the  preceding  discussion,  it  is  apparent 
that  the  variable  reluctance  transducer  requires  both  a  chopper  and  sensor. 
The  following  paragraphs  provide  information  on  a  particular  type  of  sensor. 


164  Elam,  David  and  Lloyd  A.  Thacher,  "Magnetic  Pickups  ~~  Operation 
and  Applications,  "  Electrical  Manufacturing  (June,  I960). 
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This  is  presented  by  way  of  example,  and  it  is  not  implied  that  the  des¬ 
cription  or  characteristics  are  typical  of  all  such  sensors  available  from 
manufacturers. 


A  magnetic  sensor  consists  of  a  cylindri¬ 
cal  permanent  magnet  with  a  coil  of  copper  wire  wound  around  it,  as  shown 
in  Figure  2-77.  Generally,  to  save  space,  the  coil  is  not  wound  directly 


Fig.  2-77.  Cutaway  View  of  Magnetic  Sensor 


on  the  magnet,  but  on  an  insulated  spool  which  slips  over  a  smaller- 
diameter  pole  piece  that  is  attached  to  the  end  of  the  magnet.  This  assem¬ 
bly,  typical  of  those  manufactured  by  Electro  Products  Laboratories,  is 
resin-potted  in  a  stainless  steel,  threaded,  mounting  shell.  A  special  high- 
temperature  cement  is  used  for  the  potting  material  if  the  pickup  is  to  be 
used  in  extreme  environments. 


The  magnetic  sensor  generates  an  electrical 
voltage  whenever  the  magnetic  field  around  it  is  disturbed.  The  details  of 
this  operation  are  shown  in  Figure  2-78  where  the  dashed  lines  (b)  and  (f) 
represent  the  normal  lines  of  force  created  by  the  magnet  when  there  is  no 
extraneous  magnetic  material  in  the  vicinity.  When  a  piece  of  magnetic 
steel  is  brought  near  the  head  of  the  pickup,  the  lines  of  force  shift,  as  re¬ 
presented  by  the  solid  lines  (b')  and  (f).  As  the  lines  shift  position,  they 
cut  across  the  coil  wound  on  the  pole  piece  and  generate  a  voltage  in  it. 

The  o\itput  voltage  depends  upon  the  rate  of 
change  of  the  magnetic  field.  This  in  turn,  is  dependent  on  three  factors: 

(1)  the  clearance  between  the  pickup  and  actuating  medium,  (2)  the  rate  of 


WADD  TR  61-67 
VOL  I  REV  1 


166 


stof^dofd  outpul 
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movement  of  the  actuating  medium,  and  (3)  the  size  of  the  actuating 
medium.  As  shown  in  Figure  2-79.  output  voltage  tends  to  be  inversely 
proportional  to  the  clearance  between  the  head  of  the  sensor  and  the  ac¬ 
tuating  medium.  Output  versus  speed,  for  several  sensors  manufactured 
by  Electro  Products  Laboratories,  is  shown  in  Figure  2-80. 

In  actual  applications,  the  sensor  is  ac¬ 
tuated  by  the  teeth  of  a  gear,  the  blades  of  a  turbine,  spokes  on  a  wheel, 
or  a  steel  part  such  as  a  screw  mounted  on  or  inserted  in  a  moving,  non¬ 
magnetic  material.  The  most  common  application  is  the  measurement  of 
rotary  speed  from  the  teeth  of  a  rotating  gear.  Small-tooth  gears  {20- 
pitch  or  higher)  produce  an  output  which  is  practically  a  sine  wave. 
Coarser  teeth  produce  a  more  distorted  output,  but  the  peak-to-peak  volt¬ 
age  values  are  higher  (Figure  2-81).  The  outputs  for  single  activating 


/A  ^ 

Output  of  Sensor  1 


Output  of  Sensor  2 


Fig.  2-81.  Output  Waveforms  Produced  by 
Fine-  and  Coarse-Tooth  Gears 
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masses  of  two  different  sizes  arc  shown  in  Figure  2-82,  and  it  is  seen 
that  the  sides  of  tlie  projecting  mass  influence  the  shape  of  the  output 
wave.  A  straiglit-sidcd  projection  produces  a  sharp  waveform  and  a  pro¬ 
jection  with  a  relatively  large  flat  top  will  jiroducc  a  waveform  having  a 
time  interval  between  positive  and  negative  peaks. 

Activating  Mass  Activating  Mass 


Output  of  Sensor  1  Output  of  Sensor  2 


Fig.  2-82.  Outputs  Produced  by  Two  Sizes  of 
Single  Activating  Masses 

It  is  desirable  to  actuate  a  magnetic  sensor 
with  a  protrusion  from  a  metallic  surface  rather  than  with  a  keyway  or  slot 
in  the  surface.  When  one  of  the  latter  is  used,  the  sensor  is  closer  to  the 
entire  mass  of  the  exciting  material  and  more  vulnerable  to  unwarranted 
background  signal  due  to  varying  density  or  eccentricity  of  the  material. 

On  the  other  hand,  when  excitation  is  from  a  protrusion,  the  sensor  is  a 
relatively  greater  distance  from  the  exc.iting  material  ai  d  less  likely  to 
pick  up  stray  signals  between  excitation  periods. 

With  any  given  speed  and  clearance  condi¬ 
tions,  maximum  power  output  results  when  tlie  field  of  the  sensor  is  filled 
with  a  relat’vely  infinite  mass  of  magnetic  material  at  one  instant  and  a 
complete  absence  of  such  material  at  the  next  instant.  Using  the  notations 
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in  Figure  2-83,  this  condition  can  be  achieved  by  making  A  equal  to  or 
greater  than  B,  B  equal  to  or  greater  than  D,  and  C  equal  to  or  greater 
than  3  X  D.  These  are  the  optimum  conditions. 


Magnetic  Sensor 


Fig.  2-83.  Diagram  for  Determining  Dimensions  for 
Optimum  Operation  of  a  Magnetic  Sensor 

It  is  possible  to  excite  magnetic  sensors 
through  thin  sections  of  non-magnetic  substance.  This  type  of  barrier  is 
often  desirable  when  the  exciting  means  is  in  an  environment  of  undesirable 
liquids  or  gases,  when  it  is  necessary  to  provide  a  seal  against  pressure, 
or  in  extremely  hot  environments.  With  non-metallic  separators,  the  output 
of  the  sensor  is  affected  only  by  the  increased  clearance  due  to  the  thickness 
of  the  separator  itself. 

Metallic  separators  between  the  sensor  and 
the  actuating  device  reduce  the  output  appreciably.  This  is  due  to  a  "shorted 
turn"  effect,  since  eddy  currents  are  induced  in  the  metallic  separator. 

Loss  of  output  increases  with  output  frequency  and  becomes  very  severe  at 
about  5  kilocycles. 
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(6)  Eddy  Current  Tachometer  Transducers  (Ref.  165) 

(a)  General 

The  parameters  of  interest  in  eddy  current 
transducers  are  inductance  and  resistance  of  the  air  core  coil  sensors.  A 
conductive  element  attached  to  or  part  of  a  rotating  shaft  effects  parameter 
variations  as  a  function  of  shaft  rotation.  The  current  passing  through  the 
transducer  coil  creates  a  magnetic  field  and  this  field  induces  eddy  currents 
in  the  highly  conductive  element  which  passes  near  the  coil.  The  eddy  cur¬ 
rents,  in  turn  have  an  associated  magnetic  field  which  opposes  the  original 
field.  The  superposition  of  the  two  fields  reduces  the  effective  inductance 
of  the  coil.  For  an  element  with  finite  conductivity,  there  is  a  power  loss 
due  to  the  eddy  currents  flowing  in  the  element.  As  a  result  of  this  power 
loss,  the  effective  resistance  of  the  coil  is  increased. 

A  detailed  treatment  of  the  eddy  current  type 
transducer  will  not  be  presented  herein.  For  a  detailed  analysis  and  some 
e.xperimental  data,  the  reader  is  referred  to  the  above  listed  reference. 

(b)  Transducer  Structures  and  Circuit 

The  structure  of  one  eddy  current  transducer 
suitable  for  measurement  of  rotary  speed  is  shown  in  Figure  2-84.  The 
structure  is  simple  since  no  magnetic  materials  are  used  in  its  construction. 
The  conductive  chopper  element  is  attached  to  a  shaft  so  as  to  rotate  in  the 
proximity  of  the  sensor  coil  and  thus  effect  a  change  in  inductance. 

A  gear  type  structure  is  shown  in  Figure  2-85. 
This  has  been  found  to  be  most  suitable  from  the  standpoint  of  mechanical 
strength  and  stability,  maximxim  resolution,  and  minimum  effect  of  tempera¬ 
ture  on  transducer  performance  (Ref.  166).  In  order  to  increase  signal  level, 
multiple  coils  (up  to  as  many  in  number  as  there  are  teeth  on  the  chopper) 
can  be  located  around  the  periphety  of  the  chopper  and  connected  in  series. 


165  Viskanta,  op.  cit.  ,  pp.  49-72. 


166  Ibid. ,  p.  64. 
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CHOPPER  POSITION  FOR  CHOPPER  POSITION  FOR 

MINIMUM  COIL  INDUCTANCE  MAXIMUM  COIL  INDUCTANCE 


Fig.  2-84.  Sketch  of  Simple  Eddy  Current  Transducer 
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Fig.  2-85.  Gear  Type  Structure 

When  a  secondary  coil  is  placed  in  proxi¬ 
mity  to  the  primary  excitation  coil  and  chopper,  a  mutual-inductance  eddy 
current  transducer  is  formed.  In  this  case,  the  mutual  inductance  is  a 
function  of  the  chopper  position. 

A  schematic  diagram  of  an  experimental 
circuit  is  shown  in  Figure  2-86.  A  bridge  type  detector  is  used  in  order 
to  detect  small  percent  changes  in  inductance.  Both  bridge  arms  are  tuned 
to  parallel  resonance  by  capacitors  in  parallel  with  the  coils.  The  bridge 
output  is  an  amplitude  modulated  signal  and  50%  modulation  has  been  obtained 
during  expeiinieutai  work  (Ref.  167).  Experimental  results  indicate  that  an 
eddy  current  sensor  having  high  resolution  and  speed  range  from  zero  to 
50,  000  rpm  can  be  designed. 

2-7  MEASUREMENT  OF  FUEL  QUANTITY 

Operational  characteristics  of  high-performance  aircraft,  missiles, 
and  rockets  have  created  the  need  for  accurate  fuel  measuring  devices  that 
can  be  applied  to  all  types  of  fuel.s,  tank  configurations,  and  attitudes.  Fur¬ 
ther,  the  environmental  conditions  may  vary  over  wide  ranges  during  flight. 
Fuel  systems  and  measuring  devices  have  been  subjects  of  continuing 
studies  and  experimental  work.  Some  of  these  tecliniques  are  discussed  in 
the  following  paragraphs. 


167  Ibid.  ,  pp.  69-71. 
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a. 


Optical  Discrete  Point  Fuel  Measuring  System  (Ref.  168) 


The  optical  probe  is  based  on  the  principle  that  light  will  be 
transmitted  through  a  glass-liquid  interface  and  will  be  reflected  back  from 
a  glass-air  interface.  This  principle  is  illustrated  in  Figure  Z-87.  Each 
sensor  probe  is  made  up  of  three  basic  parts  as  follows; 

1.  A  light  source 

2.  A  short  glass  rod 

5.  A  photosensitive  element 

These  parts  are  positioned  so  that  the  light  is  directed  into 
one  end  or  surface  of  the  glass  element,  and  the  reflections  from  the  air- 
glass  interface  are  received  by  the  photosensitive  element  at  the  instant 
the  fluid  meniscus  breaks  away  from  the  tip  of  the  glass  rod  or  when  the 
liquid  recovers  the  glass  surface. 

By  using  the  proper  amplification  and  coupling  techniques,  it 
is  possible  to  use  the  output  signal  of  the  photosensitive  element  to  modulate 
a  telemetering  subcarrier  oscillator.  Thus,  a  transmittable  signal  is  avail¬ 
able,  by  which  an  accurate  measurement  of  the  liquid  level  at  a  discrete 
point  can  be  made. 

Apparent  limitations  of  the  discrete  point  optical  device  are  as 

follows: 


1.  Erroneous  signals  occur  when  sloshing  fuel 
alternately  covers  and  uncovers  the  probe. 

2.  The  device  requires  a  large  amount  of  wiring, 
both  to  light  sources  and  to  the  photocells- 

3.  The  device  is  essentially  a  level  indicator  and 
is  not  readily  adaptable  to  mass  measurement. 

4.  Any  coating  action  by  the  fuel  on  parts  of  the 
optical  system  may  decrease  the  sensitivity  of 
readings  and  cause  erroneous  readings. 


168  Lucic,  A.  and  R.  C-  Beckwith,  Fuel  Quantity  Measuring  Techniques 
Development  Study  ,  Autonetics,  a  Division  of  North  American  Aviation, 
WADD  TR  59-785,  January,  I960.  pp.8-18. 
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bee  Detail  "A' 


Detail  "A" 


I'ig.  2-87.  Operating  Principle  of  Optical  Monitor  System 
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b .  CoiitiiTuovis  Ty]) c  0|)lical  Fluid  Level  Sensor  System  ( R c  1 .  169) 

I  ~ 

Etvjic riniental  work  toward  the  development  of  a  continuous 
type  cyotical  fluid  level  sensor  system  has  been  carried  out  by  Autonctics, 
a  division  of  Nortli  American  Aviation.  The  necessary  characteristics  of 
tliis  .system  were  defined  as  follows: 

S  1.  The  light  source  must  have  uniform  light  output  throug’nout 

its  length,  must  be  capable  of  being  produced  in  diffei  ent 
lengths  compatible  witli  tank  dimensions,  and  must:  be  con¬ 
toured  or  contour  naasked  to  conipensate  for  tank  tiis  symme¬ 
tries.  The  light  source  must  also  be  cap^ible  of  being 
I  fastened  intimately  to  an  optical  surface  and  sealed  to  per¬ 

mit  immersion  in  liquid  fuels  or  oxidizers.  .Further,  it 
must  be  capable  of  withstanding  temperatures  in  the  range 
of  -55“^  to  +70“  C,  which  should  be  extended  to  -247“  to 
+  350°F  to  meet  extreme  environmental  conditioiiS. 

!  2.  The  system  must  have  good  optical  properties  and  i.he  capa¬ 

bility  of  being  produced  in  lengths  which  are  compatible 
'  with  tank  dimensions. 

A  Continuous  optica’  fluid  level  system  may  consist  of 

I  tin-  following  parts: 

)  1.  A  45°  prism  with  optically  ground  surfaces  whose  length  is  a 

function  of  tank  depth. 

I  2.  A  light  source  capable  of  being  intimately  attached  to  onc- 

f  half  of  the  prism  surface  which  is  opposite  its  90°  angle,  and 

whose  length  is  also  a  function  of  tank  depth. 

3.  A  photovoltaic  strip  cell  capable  of  being  intimately  attached 
)  to  the  remaining  one-half  of  the  prism  s'urface  which  is  oppo- 

'  bite  its  90°  angle.  The  strip  cell  length  is  also  a  function  of 

depth  of  the  tank. 


169  Ibid.  ,  pp.  19-32. 
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Figure  2-88  illustrates  this  system  wherein  the  prism,  elec- 
vroluminescent  (EL)  light  source,  and  photovoltaic  cell  are  located  within 
the  tank.  Light  paths  are  shown  in  Figure  2-89 


Fig.  2-88.  Continuous  Type  Optical  Fuel  Level  Sensing  System 


When  the  prism,  light  source,  and  photocell  are  immersed  in 
a  liquid  whose  index  of  refraction  is  near  th.at  of  the  prism,  a  large  portion 

\j-i,  xx^/.^v  4U  •XXX4»-1.»JV.,’1X  Vli'.'  XAV^ilivi-  X  XV./  wvvv,X,  HVti  LO  CA.” 

posed  by  liquid  level  charges,  the  light  is  reflected  internally  within  the 
pi'ism  to  the  photocell  in  accordance  with  the  lav/  that  the  "angle  of  incidence 
must  equal  the  angle  of  reflection.  "  When  light  passes  from  any  medium  to 
another  in  which  the  light  velocity  is  greater,  refraction  greatly  diminishes 
and  reflection  begins  at  a  critical  angle  of  incidence  G  such  that 


sin  0-1  /n 


(2.-42) 
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I  LIGHT  PATH  WHEN  PRISM  IS  SUBMERGED 


Fig.  2-89.  Light  Paths  in  Continuous  Type  Optical 
Fuel  Level  Sensing  System 

where 

IX  =  the  index  of  the  first  medium  with  respect  to 
the  second  medium 

With  the  prism  uncovered,  the  second  medium 

is  air,  thus 


n  =  n j / n^ 


(2-43) 


For  zinc  crown  glass,  ni  =  1.  517; 


therefore 


n  =  1.  517/1 


and 


sin  e  =  1/1.  517  =  0.  662 
0  =  41”,  27  minutes 
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If  the  angle  of  incidence  is  45  and  greater 
than  the  critical  angle,  then  theoretically  total  reflection  will  occur. 


When  the  prisrti  is  irnmersed  in  water 


n  =  n^/n^  =  1.  517/1.  33  =  1.  135 


(2-44) 


therefore 


sin  0  =  1/1.  135  =  0.  88 


G  =  61°,  39  minutes 


n2  -  1.  526 


When  the  prisna  is  immersed  in  benzine, 


n  =  1.  217/1.  526  =  0.  995 


(2-45) 


therefore 


sin  6  =  1/0.  995  =  1.  00 


0  =  90' 


In  the  above  examples,  the  critical  angles 
are  larger  than  the  angle  of  incidence  and  reflection  will  be  very  small. 
The  incident  light  will  pass  through  the  prism  and  be  diffused  in  the  liquid 
Thus,  the  light  received  at  the  photocell  will  be  at  a  minimum  when  the 
assembly  is  completely  immersed  in  the  liquid. 

c.  Ultrasonic  Discrete  Point  Fuel  Measurina  System  (Ref.  170) 


(1)  Operating  Principle 

The  presence  or  absence  of  a  liquid  at  a  predeter¬ 
mined  tank  level  may  be  monitored  by  means  of  a  system  employing  a 


170  "Ultrasonic  Liquid  Level  -Switches,  "  Document  DO  550B, 
Acoustica  Associates,  Incorporated,  Los  Angeles,.  California. 
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crystal  oscillator  circuit  with  the  piezoelectric  element  positioned  at 
the  desired  measuring  level.  The  oscillator-tyije  level  switch  is  some¬ 
times  referred  to  as  an  ultrasonic  level  switch  if  its  circuit  oscillates 
at  an  ultrasonic  frequency  in  the  absence  of  a  liquid  surrounding  vhe  pie¬ 
zoelectric  probe.  A  frequency  of  approximately  eighty  kilocycles  is  used 
in  systems  manufactured  by  Acoustica  Associates,  Incorporated. 

The  level  switch  system  consits  of  a  piezoelectric 
probe  connected  by  a  cable  to  a  control  unit  containing  the  oscillator  cir¬ 
cuit  and  a  relay.  A  block  diagram  of  the  basic  system  is  shown  in  Fig¬ 
ure  2-90.  Incremental  changes  may  be  detected  by  employing  several 
systems  with  probes  located  at  various  levels. 

The  level  sensing  probe  is  basically  a  piezoelec¬ 
tric  crystal  bonded  to  the  inside  of  the  probe  tip.  This  crystal  is  a  part 
of  the  oscillator  resonant  tank  circuit  and  vibrates  at  its  natural  frequency 
when  the  probe  is  exposed  to  air  or  gas.  Under  this  condition,  the  acousti.' 


impedance  experienced  by  the  crystal  is  relatively  low,  and  therefore,  it 
is  free  to  vibrate  so  that  continuous  oscillations  occur.  When  immersed 
in  a  liquid,  the  probe's  acoustic  impedance  increases  and  oscillations 
cease  because  of  the  damping  effect  of  the  liquid.  The  relay  is  coupled 
to  the  oscillator  circuit,  and  its  contacts  may  open  or  close  to  provide 
the  desired  switching  action  when  the  oscillatory  state  changes. 
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Probes  which  are  hermeticallv  sealed  and  have 
very  low  input  power  are  considered  to  be  practically  explooion-proof. 
They  have  been  manufactured  to  operate  over  a  large  temperature  range 
(-320°  to  +350“ F)  and  are  accurate  to  within  0.  1  inch  in  a  wide  variety 
of  liquids. 

(2)  Mounting 

The  accuracy  with  which  level  can  be  sensed  is 
influenced  by  probe  placement.  As  indicated  in  Figures  2-91  >  2-92,  and 
2-93,  they  can  be  mounted  in  three  basic  ways:  vertically,  horizontally, 
or  inverted. 


The  vertical  mounting  affords  the  most  accurate 
switching.  Switching  action  always  occurs  at  point  A  (Figure  2-91)  re¬ 
sulting  in  accuracies  as  great  as  ±  1/64-inch.  This  accuracy  is  limited 
by  meniscus  effect,  which  can  result  in  slight  lags  in  switching  during 
tank  voiding  operations. 


Fig,  2-91.  Horizontally  Mounted  Probe 
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The  horizontal  mounting  is  used  in  operations 
that  require  mounting  the  probe  through  the  tank  wall.  With  this  type 
of  mounting,  the  switching  action  occurs  between  points  B  and  C  (Fig¬ 
ure  2-92)  which  may  be  approximately  3/8~inch  apart.  The  exact 
switching  point  will  vary  from  probe  to  probe.  Wit'n  the  horizontal 


Fig.  2-92.  Vertically  Mounted  Probe 


mounting,  however,  the  switching  point  on  an  individual  probe  will  remain 
constant  for  both  voiding  and  filling  operations. 

A  probe  loouiii^d  in  the  inverted  position  (such  as 
mounting  through  the  bottom  wall  of  the  tank)  will  not  provide  the  mea¬ 
surement  accuracy  of  the  vertically  mounted  probe.  Switching  action  will 
not  occur  exactly  at  point  A  (Figure  2-93).  The  effects  of  side-loading  on 
the  piezoelectric  probe,  resulting  from  the  liquid  medium  around  the  probe 
between  points  A  and  D,  cause  variances  in  the  switching  position  from  one 
probe  to  another.  However,  as  with  the  horizontally  mounted  probe,  there 
is  no  variation  in  the  switching  po.sition  of  an  individual  probe  in  %'oiding 
and  filling  operations.  Switching  will  occur  somewhere  between  point  D  and 
a  location  slightly  above  point  A. 
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Fig.  2-9-^.  Inverted  Mounting 


Regardless  of  the  probe  mounting  position,  care 
must  be  exercised  in  the  design  of  the  installation  to  ensure  optimum  per¬ 
formance.  Air  bubbles  entrapped  about  the  probe,  adhesion  of  liquid  to 
the  sensitive  surface  through  surface  tension,  sloshing,  vortexing,  and  tur¬ 
bulence  effects  must  be  avoided  or  compensated.  If  air  bubbles  are  en¬ 
trapped  about  the  sensitive  surface  of  the  probe,  a  dry  condition  could 
possibly  be  registered  even  when  the  probe  is  immersed  in  the  liquid  me¬ 
dium.  The  adhesion  of  liquid  to  the  probe,  even  when  the  level  of  the  liquid 
is  below  the  probe,  can  result  from  locating  a  vertically  mounted  probe  too 
close  to  the  bottom  of  the  vessel.  The  liquid,  especially  a  liquid  of  high 
viscosity,  will  adhere  to  the  probe  by  surface  tension  and  will  cause  a  wet 
condition  to  register  when  the  probe  is  actually  dry. 

Sloshing  and  vortexing  effects  represent  a  problem 
that  is  not  so  easily  overcome.  Liquids  splash  on  the  sensitive  surface  of 
an  otherwise  dry  probe  and  cause  a  momentary  wet  condition  to  be  registered. 
To  minimize  this  effect,  Stillwell  assemblies  may  be  designed  for  damping 
out  turbulence.  The  probes  can  be  mounted  in  a  Stillwell  to  maintain  the  true 
level  of  the  liquid  under  severe  conditions  of  vibration  and  sloshing. 
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d. 


Ultrasonic  Continuous  Type  Liquid  Level  Sensing 
System  (Ref.  171 ) 


This  system,  manufactured  by  Acoustica  Associates,  Incor¬ 
porated,  consists  of  two  Invar  rods  placed  in  a  Stillwell.  Lead  zirconate 
transducers  are  affixed  to  the  top  of  the  rods-  A  pulsed  100-kc  square 
wave  is  applied  to  one  rod,  and  the  time  required  for  the  pulse  to  travel 
the  length  of  the  rod,  across  the  liquid  interface,  and  return  through  the 
length  of  the  other  rod,  is  measured.  The  time  measurement  is  propor¬ 
tional  to  fuel  height. 

The  transducers  and  rods  are  capable  of  operation  at  350" C. 

e.  Gulton  Industries  Sonar  System  (Ref.  17?.) 

An  ultrasonic  system  developed  by  Gulton  Industries  has  its 
transducer  mounted  externally  on  a  tank  at  a  spot  that  has  been  machined 
to  a  thickness  that  will  prevent  undue  attenuation  of  the  signal.  An  ultra¬ 
sonic  pulse  generated  by  the  transducer  is  reflected  from  the  fuel-air 
surface  back  to  the  transducer  and  retriggers  the  pulse  transmitter.  The 
repetition  rate  of  the  pulse  transmitter  is  a  direct  measure  of  the  height 
of  the  liquid  level. 

Accuracy  of  this  system  during  static  liquid  conditions  is  about 
0.  1%  using  digital  output.  In  converting  to  analog  output,  the  accuracy  drops 
to  about  2%.  At  some  sacrifice  to  accuracy  during  slosh,  it  is  possible  to 
use  a  wide  sonar  beam  up  to  30”  and  obtain  liquid  level  indications  that  would 
be  otherwise  impossible  to  obtain.  Attitude  changes  above  30°  will  give  no 
return  signal  and  the  system  becomes  inoperative. 

f .  Bogue  Electric  Company  Sonar  System  (Ref.  17  3) 

This  system  employs  repetitive  ultrasonic  pulses  to  obtain  true 
rrieasurement  of  liquid  height.  A  sinusoidal  voltage  pulsed  at  a  60-cps  rate 


171  Luci,  op.  cit.  ,  pp.  35-36. 

172  Ibid.  ,  pp.  36-39 

173  Ibid.  ,  pp.  39-52 
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is  impressed  on  a  barium  titanate  transducer.  In  response,  the  transducer 
directs  an  ultrasonic  pulse  to  the  liquid-air  interface.  The  time  interval 
required  for  the  pulse  to  round-trip  the  liquid  path  is  converted  to  a  voltage 
which  is  directly  proportional  to  liquid  height.  A  second  transducer  spaced 
exactly  one  foot  from  a  metal  reflector  provides  an  exact  calibration  facility 
for  any  given  temperature.  Figure  2-94  shows  the  relative  positions  of  the 
transducers  and  calibrating  reflector  plate. 


Fig.  2-94.  Sonar  Transducer  and  Reflector  Assembly 


g.  Rocketdyne-Autonetics  Sonar  System  (Ref-  174) 

Rocketdyne  and  Autonetics  divisions  of  North  American  Avia¬ 
tion  have  done  some  researcTi  in  a  common  effort  toward  the  application  of 
a  sonar  fuel  measuring  system.  The  system  operates  on  a  sound  ranging 
principle  in  which  a  pulse  of  electrical  energy  is  converted  to  a  pulse  of 
sound  energy  by  a  sonar  sensor. 

The  primary  frequency  of  the  electrical  pxilse  is  400  kc,  the 
pulse  width  is  20  microseconds,  and  the  pulse  repetition  rate  is  25  pulses  per 


174  Ibid^,  pp.  52-59. 
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second  (pps).  A  sonar  sensor  is  located  at  or  near  the  bottom  of  each 
propellant  tank  and  is  directed  toward  the  propellant  surface.  When  an 
electrical  transmit  pulse  is  applied  to  the  sensor,  it  is  converted  to  a 
sound  pulse  which  travels  through  the  propellant  to  tlie  surface-  It  is 
then  reflected  back  to  the  sensor  and  reconverted  to  an  electrical  pulse. 
For  calibration  purposes,  a  small  portion  of  the  transmit  pulse  is  con¬ 
ducted  over  a  known  path  length  within  the  propellant  and  returned  to  the 
sensor.  The  transmit,  calibrate  echo,  and  surface  echo  pulses  are  used 
to  trigger  a  telemetering  subcarrier  oscillator.  The  system  has  been 
used  in  conjunction  with  fuel  and  oxidizer  tanks.  In  this  case,  the  fuel 
and  oxidizer  sensors  are  pulsed  alternately,  each  at  the  rate  of  25  pps. 
This  procedure  allows  the  use  of  a  common  tuned  receiver,  telemetering 
subcarrier  oscillator,  and  telemetering  output  for  both  propellant  level 
measurements. 


Radiation  Sensor  Fuel  Measuring  System  (Ref.  175) 


A  radiation  fuel  gauge  basically  consists  of  a  source  of  gam¬ 
ma  radiation  placed  on  one  side  of  a  container  filled  or  partly  filled  with 
liquid  to  be  measured,  and  a  measuring  cell  located  directly  on  the  oppo~ 
site  side  of  the  container.  (See  Figure  2-95).  Gamma  radiation  is  partly 
absorbed  by  the  liquid  and  this  absorption  is  measurable.  This  measure 
is  a  function  of  the  liquid's  density. 


1  37 

Two  types  of  radiation  emitters  may  be  used:  (1)  Cs  has 
a  half  life  of  33  years  and  a  low  gamma  radiation  (  0.  662  MEV),  and  (2) 
Co^®  has  a  half  life  of  5.  3  years  and  a  high  energy  radiation  (1.17  and  1.  33 
MEV). 


Because  all  the  measuring  components  are  located  on  the  out¬ 
side  surface  of  the  tank,  the  functioning  of  the  radiation  gauge  is  not  affected 
by  temperature,  pressure,  viscosity,  abrasion,  corrosion,  fungi,  conduc¬ 
tive  additives,  flow,  and  agglomeration.  Furthermore,  since,  it  has  no 
moving  part-s,  the  life  of  the  gauge  is  practically  unlimited  and  maintenance 
requirements  are  practically  nil. 


175  Ibid.  ,  pp.  72-166. 
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Fig.  2-95.  Radiation  Gauge  Principle 
(1)  Advantages 

Some  of  the  advantages  in  using  the  radiation  fuel 

gauge  are  as  follows: 

a.  Direct  application  to  exotic  fuels  and  oxidizers. 

b.  Measures  fuel  mass  directly,  so  there  is  no  need 
to  convert  volume  to  mass.  Mass  measurement 

is  independent  of  fuel  temperature;  therefore,  tem¬ 
perature  compensation  is  not  necessary. 

c-  Reliable  operation  in  the  presence  of  fungvis  or 
other  impurity. 

d.  Attitude  compensation  is  accomplished  without  added 
weight  or  electronic  complexity. 

e.  Fuel  quantity  measurement  is  independent  of  fuel 
t>q3e. 
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f.  All  components  may  be  located  externally 
to  the  fuel  tank,  thus  providing  greater  sim¬ 
plicity  in  comparison  to  other  fuel  mass 
measuring  systems. 

(2)  Disadvantages 

Disadvantages  in  using  the  radiation  fuel  gauge 

include  the  following: 

a.  In  very  large  fuel  tanks  where  depth  of  fuel 
exceeds  3  feet,  the  choice  of  detector  posi¬ 
tions  becomes  less  flexible.  In  most  cases, 

it  will  probably  be  placed  internally  at  selected 
locations.  This  procedure  is  necessary  to  con¬ 
trol  attenuation  due  to  radiation  absorption. 

b.  Linearization  of  output  in  complex-shaped  tanks 
requires  the  use  of  computer  techniques  or  in 

the  absence  of  a  computer,  trial  and  error  methods- 

c.  The  system  at  the  present  state  of  development  is 
inoperable  in  strong  nuclear  fields  or  in  the  Van 
Allen  belt  at  400  to  500  ml  above  the  earth. 

d.  At  moderate  altitudes  up  to  100,  000  feet  ,  cosmic 
radiation  compensating  circuits  may  be  required 
if  currently  available  Geiger-Muller  (GM)  tubes 
are  used  as  detectors.  The  presently  used  photo¬ 
multiplier  tube  or  the  proposed  multicellular  tubes 
have  inherent  characteristics  for  separating  cosmic 
ray  counts  from  gamma  ray  counts. 

e.  The  use  of  the  photomultiplier  tube  at  temperatures 
over  150“F  requires  additional  cooling.  GM  tubes 
are  proposed,  however,  which  will  operate  at 
350“ F  and  will  withstand  750“ F. 

i.  SONARAD  (Ref.  176) 

A  fuel  measuring  system,  known  as  SONARAD  has  been  developed 
by  Autonetics,  a  division  of  North  American  Aviation.  It  combines  the  best 

176  Ibid.  ,  pp.  167-198. 
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features  of  ultrasonic  and  radiation  fuel  quantity  detection  systems.  In 
its  ultimate  configuration,  it  can  always  be  in  operation  regardless  of  the 
attitude  or  level  of  the.  fuel  in  the  tank.  The  radiation  portion  of  SONARAD 
is  particularly  effective  during  slosh  condition  and  attitudes  above  ±10®. 

The  ultrasonic  portion  is  inherently  a  very  accurate  system  and  is  capable 
of  measuring  0.  01  inch  in  24  feet.  The  maximum  usefulness  is  during 
filling  operations  and  during  level  flight  conditions. 

A  complete  description  of  this  system  and  test  results  are 
given  in  the  above  listed  reference. 

2-8  MEASUREMENT  OF  AC  POWER  —  THE  HALL  WATT  TRANSDUCER 
(Ref.  177) 

a.  The  Hall  Effect 

If  a  conductor  carries  a  current  at  right  angles  to  a  magnetic 
field,  a  charge  difference  is  generated  on  the  surface  of  the  conductor  in 
a  direction  which  is  mutually  perpendicular  to  both  the  field  and  the  current. 
This  is  known  as  the  Hall  effect  which  was  first  discovered  in  1879-  The 
development  of  very  high  mobility  semiconductor  compound  such  as  indium- 
arsenide  (InAs)  and  indium-antimonide  (InSb)  has  made  possible  the  practical 
application  of  this  laboratory  phenomenon.  As  an  example,  the  Westinghouse 
Electric  Corporation  has  designed  a  Hall  generator  consisting  of  a  thin  wafer 
of  InAs.  It  is  essentially  a  solid  state  multiplying  element  which  provides  an 
output  voltage  proportional  to  the  product  of  two  electrical  quantities.  Fig¬ 
ure  2-9h  illustrates  the  principle  of  the  Hall  effect  wherein  the  electrical 
quantities  are  the  current  passing  through  the  semicondxictor  and  the  magne¬ 
tic  field  perpendicular  to  it. 

The  multiplying  characteristics  of  the  Hall  generator  are  best 
described  by  the  Hall  equation  which  is  as  follows: 

v„  =  (R  i^  B/d)  10“^  (2-46) 


177  Barabutes,  T.  and  W.  J.  Schmidt,  "Principles  and  Considerations 
in  the  Design  of  a  Hall  Multiplier,  "  Paper  No.  CP59-875,  American  Insti 
tute  of  Electrical  Engineers. 
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Fig.  2-96.  Principle  of  the  Hall  Effect 


where 

=  instantaneous  Hall  voltage  in  volts 
R  =  Hall  constant  iii  ohm-c»Ti^/cculomb 
i^  =  instantaneous  control  current  in  amperes 
B  =  instantaneous  flux  density  in  gauss 
d  "•  thickness  of  Hall  generator  in  cm 

It  is  possible  to  have  an  output  from  the  Hall  generator  with 
only  control  current  applied.  This  output,  called  the  null  voltage,  is  due 
to  the  fabrication  difficulties  encountered  in  couaecting  the  Hall  output  leads 
to  the  generator.  The  magnitude  of  this  null  voltage  depends  upon  the  mag¬ 
nitude  of  the  control  current  and  how  closely  the  output  leads  are  connected 
to  equipotential  points  on  opposite  sides  of  the  generator  wafer. 

Tt  is  possible  to  have  an  output  from  the  Hall  generator  with  only 
a  field  applied,  if  this  field  is  varying.  This  voltage  may  be  induced  in  the 
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oxitput  by  flux  linking  the  o^itput  leads.  It  can,  be  minimized  by  making 
the  plane  of  the  loop,  formed  by  the  output  leads,  parallel  to  the  magnetic 
field. 


b.  The  Hall  Multiplier 

In  order  to  make  use  of  the  Hall  generator's  multiplying 
characteristics,  the  generator  must  be  placed  in  a  magnetic  field.  Fig¬ 
ure  2-97  illustrates  the  basic  components  of  a  Hall  multiplier.  The  control 
current  (i^)  is  applied  directly  to  the  generator  while  the  magnetic  field 
and  the  air  gap  of  a  "C"  shaped  magnetic  structure  is  produced  by  a  cur¬ 
rent  if. 


Fig.  2-97.  Hall  Multiplier 


If  the  magnetic  structure  acts  linearly,  the  flux  density  in 
the  air  gap  will  be  given  by 

B  =  Kj  i^  (2-47) 

where 


Kj^  =  constant  of  proportionality  depending  on  the 

design  of  the  magnetic  structure  in  gauss/amp 
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!£  ~  instantaneous  field  cui-rent  in  am,  es. 
Substituting  equation  (2-47)  in  equation  (2~46)  yields 

V  =  i£  i^  (2-48) 

where 


K2  =  (Kj  R/d)  10“  ;  a  constant  depending  upon  the 
parameters  used  in  the  design  of  the  various 
elements. 

The  development  of  equation  (2-48)  shows  that  the  device  illus 
trated  in  Figure  2-97  will  produce  an  output  voltage  proportional  to  the  pro 
duct  of  two  input  currents. 

c.  The  Hall  Watt  Transducer 

An  ideal  application  for  the  Hall  multiplier  is  the  measure¬ 
ment  of  ac  power.  Figure  2-98  shows  how  the  multiplier  is  connected  to 
perform  this  measurement.  The  field  is  energised  by  the  current  in  the 


!  LOAD  I 


Fig.  2-98.  Hall  Watt  Transducer 
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line,  and  the  control  circuit  is  energized  by  the  line  voltage.  The  re¬ 
sultant  output  from  the  transducer  is  proportional  to  the  power  being 
delivered  by  the  ac  circuit.  The  Hall  Watt  Transducer  shov/n  in  Fig¬ 
ure  2-98  is  connected  to  measure  single  phase  power.  To  extend  its 
application  to  polyphase  power  measurements,  two  or  more  such  de¬ 
vices  maybe  used  with  their  Hall  outputs  connected  in  series. 

The  above  described  conditions  may  be  eicpressed  mathe¬ 
matically  by  equation  (2-49)  which  states  tViat  the  field  current  is  pro¬ 
portional  to  the  line  current,  and  by  equation  (2-50)  which  states  that,  the 
control  current  is  proportional  to  the  line  voltage. 

ic  “  ^4  ^  t . 
where 

i^  =  instantaneous  line  current  in  amperes 
eL=  instantaneous  line  voltage  in  volts 
K3=  constant  of  proportionality  between  i^  and 

constant  of  proportionality  between  i^  and  ej_^ 
Substituting  equations  (2-49)  and  (2-50)  in  equation  (2-48)  results  in 

VH=  (2-51) 

It  may  be  assumed  that  the  line  voltage  and  current  are  given  by 

=  ^max  ^  ■' 

and 

®L=^max®^^^t  (2-53) 

Substituting  (2-52)  and  (2-53)  in  equatio7i  (2-51)  giv,.,j 

Vj^  =  K3  sin  (Ci>t  -t-  6)  sinWt  (2-54) 


(2-^9) 

{2-50) 
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By  expansion  of  equation  (2-54)  it  is  seen  that 


=  K  K  K  (I  E  12)  COG  e  -  cos  (ZfJ  t  +  6)  (2-55) 

H  2  3  4  m  rrj  L.  _J 

Since  the  frequency  response  of  the  Hall  generator  is  in  the  order 
of  one  megacycle,  the  output  will  follow  the  instantaneous  power  wave  which  is 
expressed  mathematically  by  equation  (2-55).  Inspection  of  this  equation  shows 
that  the  transducer  output  contains  dc  and  ac  components.  The  dc  term, 

(I^  E  / 2)  cos  0,  is  proportional  to  the  true  power  in  the  ac  circuit  and  is, 
therefo're,  a  measure  of  this  power. 

2-9  MEASUREMENT  OF  ACCELERATION  (Ref.  178) 

Acceleration  is  the  rate  of  change  in  velocity.  Most  acceleration 
measurements  are  made  to  determine  the  forces  involved,  which  can  be 
computed,  since  F  =  ma.  If  deflection  is  the  quantity  required,  as  in  vibrations, 
the  measured  acceleration  can  be  integrated  twice  to  obtain  it. 

There  are  two  general  types  of  accelerometers,  linear  and 
angular.  A  linear  accelerometer  is  a  mass  which  is  free  to  move  in  one  direction 
only  and  against  a  restraining  spring.  If  the  free  period  of  oscillation  of  the 
accelerometer  is  less  than  that  of  the  acceleration,  the  deflection  of  the  spring 
is  proportional  to  acceleration.  The  free  period  of  the  accelerometer  decreases 
as  the  mass  is  reduced  or  the  spring  stiffened,  either  of  which  results  in  a 
decrease  in  sensitivity.  The  sensitivity  is  defined  as  the  deflection  of  the  spring 
per  unit  acceleration.  To  measure  accelerations  occuring  in  shorter  time  interval 
greater  sensitivity  in  measuring  deflections  is  required. 

In  angular  accelerometers  a  symmetrical  mass  in  the  form  of  a 
disk  is  mounted  so  that  it  may  deflect  about  its  center  of  gravity.  The  angular 
deflection,  restrained  by  a  spiral  spring,  is  proportional  to  angular  acceleration. 
The  angular  deflection,  which  is  kept  small  by  choice  of  spring  stiffness  and 
the  moment  of  inertia  of  the  mass,  is  detected  by  an  electric  pickup,  such  as 
a  differential  transformer  an  E-type  inductance  pickup,  or  an  electric  resistance. 
Liquid  damping  is  usually  used.  Response  to  rapidly  imposed  accelerations  can 
be  secured  only  by  decreasing  the  period  of  oscillation,  thus  decreasing  the 
sensitivity. 


Figure  2-99  (Ref,  179)  shows  a  schematic  of  a  fundamental  linear 
accelerometer  in  which  a  mass  is  suspended  from  the  accelerometer  case  by 


178  Mc-Graw-Hill  Encylopedia  of  Science  &  Technology,  Vol.  1,  p.  27  &  28 

179  Eugene  B.  Canfield,  "Accelerometers  and  Their  Characteristics,  " 
Ordance  Dept.  ,  General  Electric  Co.  ,  Pittsfield,  Mass. 
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means  of  a  spring.  Damping  is  accomplished  by  either  mechanical  or  electrical 
means  and  the  case  is  mounted  rigidly  to  the  device  whose  acceleration  is 
desired.  The  relationship  between  acceleration  of  the  case  and  motion  of  the 
mass  can  easily  be  developed.  See  Appendix  IV  for  detailed  derivation.  Assuming 
the  accelerometer  damping  constant  is  close  to  unity,  the  accelerometer  will 
give  an  indication  of  acceleration  if  moved  at  frequencies  from  zero  to 
approximately  the  resonant  frequency.  At  excitation  frequencies  above  resonance, 
the  output  no  longer  is  proportional  to  acceleration. 

The  diagram  in  Fig.  Z-100  shows  an  adaptation  of  the  basic 
accelerometer  of  Fig.  2-99  to  a  problem  requiring  relatively  low  accuracy. 

The  mass  is  supported  on  a  rod  and  restrained  at  either  end  by  slightly  com¬ 
pressed  springs.  Damping  may  be  accomplished  pneumatically  or  by  means 
of  oil  flowing  through  the  small  clearance  between  the  mass  and  the  case. 

Outp^tt  is  available  from  a  potentiometer  pickoff.  The  advantages  of  this  class 
instrument  are: 

1)  low  cost 

2)  simplicity  and  reliability 

3)  freedom  from  cross  talk 

The  disadvantages  are: 

1)  poor  threshold  level  due  to  friction 

2)  poor  resolution  due  to  type  of  pickoff 

3)  poor  repeatability  due  to  hysteresis  in  spring  plus 
friction  effects 

4)  low  resonant  frequency  (in  order  to  provide  maximum 
travel  of  mass). 

A  more  sophisticated  version  of  the  same  type  of  accelerometer 
is  shown  schematically  as  Fig.  2-101.  Here  the  mass  is  surrounded  by  oil 
or  other  fiuid  to  give  damping.  The  oil  may  also  act  to  reduce  friction.  A 
stiff  magnetic  or  possibly  hydraulic  suspension  may  be  used  to  keep  friction 
to  a  minimum  and  prevent  the  mass  from  rubbing  the  guide  rod  in  some 
applications.  Unfortunately,  in  order  to  accomplished  this,  the  suspension 
means  must  be  very  stiff  if  the  instrument  is  subjected  to  large  accelerations 
along  axes  other  than  the  sensitive  a,xis.  Instead  of  a  mechanical  spring,  an 
electrical  spring  is  used  to  restrain  the  mass.  The  electrical  spring  is  made 
up  of  a  pickoff  such  as  the  E-type  shown,  an  electronic  amplifier  and  a  linear 
motor.  Since  the  motor  produces  force  on  the  mass  as  a  function  of  its  current, 
the  current  into  the  motor  is  directly  proportional  to  acceleration.  Accelerometer 
output  is  usually  taken  as  a  voltage  across  a  resistor  in  series  with  the  motor 
winding. 
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Fig.  2-99  Fundamental  linear  accelerometer.  Fig.  2-100  Adaptation  of  basic  unit  shown  in 

Fig.  2-99  for  relatively  low  accuracy  use. 
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Fig.  2-101  Accelerometer  with  mass  floated  in  oil  to  minimize  friction  and 
prevent  mass  from  being  forced  against  guide  rod  by  accelerations  along 
axes  other  than  the  sensitive  one. 
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Fig.  2-102  Block  diagram  of  accelerometer  shown  in  Fig.  2-101. 
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Equations  relating  the  motion  of  this  de-\d.ce  are  presented  in 
the  Appendix  IV.  The  advantages  of  this  type  of  instrument  are: 


1)  high  resonant  frequency  possible 

2)  hysteresis  effects  eliminated,  excellent  repeatability 

3)  low  threshold  level 

4)  good  resolution  and  sensitivity  to  small  changes  in 
acceleration 

5)  freedom  from  cross  talk 


This  device  is  more  complex  and  costly  than  the  simple  instru¬ 
ment  of  Fig.  2-100.  Unfortunately,  the  mass  cannot  be  floated  to  neutral 
buoyancy  as  in  the  pendulous  accelerometer,  and  adequately  stiff  suspensions 
often  are  not  practical.  Therefore,  the  friction  deadband  level  may  run 
higher  than  in  the  floated,  magnetically  suspended  pendulous  accelerometer. 
Absolutely  accuracy  of  this  accelerometer  is  dependent  upon  the  linearity 
of  the  force  motor,  the  stability  of  the  output  resistor,  and  the  friction 
deadband. 


Aui  accelerometer  of  intermediate  quality  between  that  of  Fig.  2-100 
and  2-101  is  shown  by  block  diagram  in  Fig,  2-102.  The  schematic  is  as  in 
Fig.  2-101  but  the  mass  is  not  suspended  or  dan  ped.  Cost  is  reduced  at 
sacrifice  of  threshold  level  and  resolution  and  lack  of  damping  must  be  com¬ 
pensated  for  in  the  electronic  amplifier.  The  equations  for  this  type 
accelerometer  are  given  in  the  Appendix  IV. 

Another  class  of  accelerometers  is  represented  by  the  pendulous 
type  shown  in  Fig.  2-103. 

In  this  instrument  a  pendulum  is  suspended  on  an  axis  so  that  it 
is  free  to  move  through  cui  angle  with  respect  to  the  accelerometer  case. 

Damping  again  is  accomplished  by  either  mechanical  or  electrical  means  and 
the  pendulum  is  restrained  by  a  torsion  spring.  See  Appendix  IV  for  derivation 
of  equation. 


In  actual  practice,  the  pendulum  is  of  the  compound  type  shown 
iu  Fig,  2-i04.  This  type  is  broken  down  into  two  components:  a  mass  whose 
center  of  gravity  is  concentric  ^^'ith  the  axis  of  rotation,  0,  and  a  small  mass 
on  the  periphery  of  the  pendulum.  This  small  mass  provided  the  unbalance 
of  the  compound  pendulum  and  is  assumed  to  be  concentrated  at  a  point.  Thus, 
this  unbalanced  mass  is  assumed  to  act  in  exactly  the  same  way  as  the  mass  of 
a  simple  pendulum.  The  force  of  linear  acceleration  of  this  mass,  when 
multiplied  by  the  radius  arm,  becomes  a  torque  which  attempts  to  accelerate 
the  balanced  mass  about  the  point  of  suspension.  The  acceleration  of  the  balanced 
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Fig.  2-103  Pendulous  accelerometer. 


Fig.  2-104  Accelerometer  with  compound  pendulum 
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mass  is  resisted  by  its  own.  inertia,  the  damping  and  the  spring  constant. 

Pendulous -type  accelerometers  are  generally  chosen  because 
they  transfer  linear  force  into  an  angular  rotation.  A  great  many  devices 
have  been  developed  for  sensing  angular  motions  or  producing  torques  about 
an  cLxis  of  rotation.  In  its  simplest  form,  where  a  spring  or  torsion  wire  is 
used  for  restraint  and  a  potentiometer  becomes  the  pickoff,  the  advantages 
and  disadvantages  are  about  the  same  as  for  the  non- pendulous  accelerometer 
of  Fig.  2-100.  However,  there  is  one  notable  exception:  pendulous  accelerometer 
are  subject  to  cross  talk.  The  slightest  rotation  of  the  pendulum  due  to 
acceleration  in  the  sensitive  direction  permits  the  accelerometer  to  acquire 
sensitivity  to  acceleration  in  other  directions  of  motion.  Therefore,  resonant 
frequencies  of  pendulous  accelerometers  must  be  kept  high  in  order  to  reduce 
the  cross  talk  as  much  as  po.ssible. 

One  design  technique  sometimes  used  to  reduce  cross  talk 
and  still  maintain  low  resonant  frequencies  is  shown  in  Fig.  2-105.  Two 
simple  pendulums  are  mounted  in  a  single  case  and  are  free  to  rotate  in  the 
ball  bearings  or  other  support.  The  stiff  arm  of  each  pendulum  passes 
through  a  collar  which  is  free  to  slide  along  each  arm.  Rotation  of  the  arms 
is  also  permitted  inside  the  collar  so  that  the  motion  of  the  arms  is  not 
impeded.  However,  the  forces  acting  between  the  pendulum  prevent  the 
motion  of  either  pendulum  except  from  acceleration  along  the  sensitive  axis. 
Hickoff  may  be  a  potentiometer  or  other  transuucer  sensing  the  angular 
rotation  of  either  pendulum,  or  the  linear  displacement  of  the  collar  which 
moves  in  the  directioir  of  the  sensitive  axis. 

Manufacturers  of  high-quality,  floated,  single-axis  gyros  have 
one  of  the  best  reasons  for  developing  a  pendulous  accelerometer.  Inside 
the  gyro  case,  ready  for  use,  is  a  floated,  damped  gimbal  with  a  torque 
motor  on  one  end  and  a  signal  generator  on  the  other  end.  The  gimbal  carries 
the  gyro  wheel.  It  is  quite  expedient  to  replace  the  gyro  wheel  with  an  unbalanced 
mass  to  produce  one  of  the  highest  quality  pendulous  accelerometers.  An 
amplifier  is  connected  between  the  signal  generator  and  torque  motor.  Cross 
talk  is  minimized  by  high  amplifier  gain,  causing  high  resonant  frequency. 

Output  voltage  is  usually  obtained  across  a  resistor  in  series  with  the  torque 
motor  much  the  same  as  shown  in  Fig.  2-101. 

Piezoelectric  accelerometers  are  still  another  class  of  instrument 
in  wide  use  today.  In  these  devices,  the  piezoelectric  crystal  becomes  the 
spring  restraint  and  converts  a  portion  of  the  mechanical  energy  into  electric 
energy.  While  having  excellent  characteristics  out  to  very  high  resonant 
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frequencies,  output  under  steady-state  constant  accelerations  is  unfortunately 
not  available  and  the  devices  have  little  use  in  inertial  guidance.  However,  they 
make  vibration  picko.ffs  of  the  highest  quantity  with  extremely  small  size  and 
they  are  widely  used  in  evaluation  during  missile- system  development. 

Another  accelerometer  configuration  is  shown  in  Fig.  2-106  where 
a  mass  is  supported  by  two  wires  in  tension.  Damping  again  is  provided  by 
electrical  or  mechanical  means.  As  the  case  is  accelerated  along  its  sensitive 
axis  in  the  direction  of  the  arrow,  the  tension  in  the  upper  support  wire  is 
increased,  while  that  in  the  lower  wire  is  decreased.  If  a  strain  pickoff  is 
associated  with  each  wire,  the  sum  of  the  output  of  the  two  pickoffs  is  pro¬ 
portional  to  acceleration.  The  device  is  insensitive  to  cross-axis  acceleration 
because  the  tension  of  each  wire  is  changed  by  an  equal  amount. 

In  another  type  of  accelerometer,  the  support  wires  are  made  to 
vibrate  at  their  natural  frequency.  As  the  tension  of  one  wire  increases,  its 
natural  frequency  increases  while  the  decreased  tension  in  the  other  wire  reduces 
the  natural  frequency.  A  comparison  of  the  natural  frequency  of  the  two  wires  by 
the  magnetic  pickoff  or  other  means  leads  to  an  output  proportional  to  accele x'ation. 

The  pendulous  gyro  accelerometer  of  Fig,  2-107  represents  one 
of  the  more  complex  (although  highly  accurate)  devices  that  may  be  used.  It 
censiGts  of  the  conventional  single- axis,  floated,  damped  HIG  gyro  modified  so 
that  the  gyro  gimbal  is  unbalanced  by  a  known  amount.  A  servo  amplifier 
accepts  the  error  from  the  gyro  signal  generator  and,  by  means  of  a  servo  motor, 
drives  the  gyro  about  its  input  axis  to  null  the  signal  generator  output.  See 
Appendix  IV  for  further  details. 

2-10  temperaturf:  measurements 

a.  Introduction  (Ref.  180) 

Heat  is  a  form  of  energy  and  temperature  is  a  measure  of  its 
level.  All  materials  that  we  know  today  have  the  characteristics  which  chaiige 
with  temperature.  Chemical  reaction,  motion,  pressure,  stress,  ionization  and 
light  show  important  effects  related  to  pressure.  The  methods  for  measurement 
of  temperature  may  be  grouped  into  categories  depending  on  the  physical 
principles  involved.  One  group  would  contain  devices  that  function  by  coming  to 
thermal  equilibrium  with  the  substance  whose  temperature  is  being  measured. 

A  second  group  would  function  in  relation  to  the  laws  of  i-adiation,  and  immersion 
or  contact  with  measured  material  may  not  be  necessary.  A  third  group  would 


180  J.  C.  Hedge,  W.  J.  H.  Murphy,  H.  J.  Nielsen,  J.  A.  Granath, 

H.  Zucker,  Armour  Research  Foundation,  Temperature  Measuring  Teclniiques, 
WADD  TR  60-487,  Volume  1,  June  I960.  AD  253483 
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comprize  miscellaneous  methods  for  specific  temperature  measurement 
problems  such  as  high  gas  temperaturesi  where  deliberately  cooled  probes  are 
used  and  temperature  of  gas  calculated  using  laws  of  heat  transfer  or  thermo¬ 
dynamics. 


b.  Thermal  Equilibrium  Category 

The  largest  and  most  common  category  of  measurement  devices 
fall  under  this  group.  Some  physical  property  of  the  probe  which  is  accurately 
known  as  a  function  of  temperature  is  used  to  determine  the  temperature  of  the 
material  in  which  it  is  immersed.  Physical  properties  used  with  these  devices 
are;  thermal  expansion,  vapor  pressure,  electrical  resistance,  thermal  emf, 
thermionic  emiission,  magnetic  susceptibility,  and  thermal  noise.  Pyrometric 
cones  and  temperature  indicating  paints,  crayons,  and  metals  are  also  included 
in  the  thermal  equilibrium  category  serving  to  indicate  if  a  certain  temperature 
has  been  exceeded. 

When  using  the  methods  in  this  group,  care  must  be  exercised  to 
insure  that  the  probe  actually  does  come  to  the  temperature  of  the  material  in 
which  it  is  immersed.  Thermal  conduction  can  sometimes  cause  the  probe  to 
as.sume  a  different  temperature.  Radiation  losses  and  stagnation  heating  also 
lead  to  errors  when  probes  are  used  to  measure  the  ten)perature  of  gases.  In 
many  case-?  these  errors  cannot  be  eliminated  coinpleiely  and  a  correction 
calculated  from  the  laws  of  heat  transfer  must  be  applied  to  the  temperature 
indicated  by  the  probe. 

(1)  The  linear  expansion  of  solids  due  to  a  temperature  change 
can  be  used  for  a  temperature  indication  and  application  of  this  principle  in  a 
temperature  sensing  unit  is  thermostatic  metal,  commonly  called  bimetal. 
Bimetals  form  the  primary  element  in  many  devices  that  indicate  and  control 
tempei'ature. 


The  action  of  a  bimetal  depends  upon  tv/o  metals  that  arc 
bonded  together  having  different  mean  thermal  linear  expansions.  The  bonding 
of  the  two  metals  has  been  accomplished  by  casting,  riveting,  soldering, 
brazing,  or  welding.  The  method  of  bonding  is  important,  since  a  uniformly 
good  and  strong  bond  is  necessary  to- resist  the  high  shearing  stresses  when  the 
metal  is  heated  and  cooled.  The  component  metals  are  quite  often  bonded 
together  in  the  form  of  two  plates,  this  is  reduced  to  a  thin  sheet  by  rolling. 

It  is  then  cut  and  formed  to  shape.  The  bimetallic  strip  is  straight  at  the 
particular  temperature  where  their  lengths  are  identical.  When  the  temperature 
is  altered  one  metal  will  expand  or  contract  at  a  different  rate  than  ihe  other 
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and  cause  the  strip  to  curl.  By  holding  one  end  of  the  strip  in  a  fixed  position, 
the  displacement  of  the  opposite  end  can,  after  calibration,  be  used  to  indicate 
temperature. 

Bimetals  are  formed  into  the  following  configurations: 
helical  coils,  spiral  coils,  disks  and  strips.  These  may  be  used  under  conditions 
of:  free  deflection  (little  force  involved),  restrained  force  or  torque  (little 
deflection  involved),  and  combined  deflection  and  force. 

The  majority  of  bimetal  temperature  indicators  use  the 
spiral  or  helical  coil  operating  under  free  deflection  conditions.  The  angular 
rotation  of  a  pointer  at  tlie  end  of  a  spiral  or  helical  coil  under  free  deflection 
conditions  may  be  calculated  by  the  use  of  the  formula; 

^  ~  (2-56) 

t 

whe  re 

A  =  angular  deflection  in  degrees 

^1  =  deflection  constant  for  coils 

T 

1  =  temperature  before  deflection 

T 

2  =  temperature  after  deflection 

e  =  active  length  of  coil 

t  =  thickness  of  strip 

Thus  angular  deflection  changes  inversely  as  the  thickness  of  the  material  and 
directly  with  the  deflection  factor  for  the  strip,  the  active  strip  length,  and  the 
temperature  change.  Values  of  Cj^  may  be  found  in  the  manufacturer's  catalogs 
for  a  particular  material  and  temperature  I'ange. 

The  bimetal  thermometers  are  self-contained  instruments 
requiring  no  external  power.  They  visually  contain  three  components:  the  bimetal, 
the  indicator,  and  a  connecting  mechanism.  .Since  thev  are  mechanical  devices, 
the  pointer  can  carry  contacts,  min- max  hands  or  can  position  a  small  telemetering 
transmitter. 

(2)  Liquid  Expansion  Thermometers 

The  volvimetric  expansion  of  liquids  and  solids  can  be  used 
to  indicate  temperature.  A  relatively  large  quantity  of  liquid  is  held  in  a  bulb 
to  which  a  capillary  tube  is  attached.  If  the  liquid  and  bulb  have  different 
coefficients  of  expansion,  then  the  change  in  position  of  the  liquid  column  in  the 
capillary  tube  may  be  measured  and  calibrated  to  indicate  temperature. 
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Inhere  are  two  principal  types  of  liquid  expansion 
thermometers.  One  ot  them  is  the  liquid-in-glass  thermometer;  the  other  is 
called  a  liquid  filled  thermometer. 

The  liquid- in-glass  thermometer  is  probably  the  most 
common  of  all  thermometers.  It  consists  of  a  glass  bulb  filled  with  a  liquid, 
usually  mercury,  and  a  glass  capillary  tube  attached  to  the  bulb.  Mercury  has 
several  properties  which  make  it  desirable  ior  use  in  a  good  grade  liquid-in¬ 
glass  thermometers.  It  has  a  large  and  fairly  uniform  volumetric  coefficient 
of  expansion,  its  low  freezing  point  ~40OC  and  high  boiling  point  356°C  make 
it  usable  over  a  wide  temperature  range.  This  range  caj-'  be  extended  by 
increasing  the  internal  pressure  which  increases  the  boiling  point  of  mercury. 
Other  liquids  used  are  toluene,  alcohol,  and  pentane;  the  latter  having  a 
freezing  point  of  -200°C. 

The  second  type  of  liquid  expansion  tn  ?rmometer  consists 
of  a  metal  bulb  and  capillary  tube  which  is  usually  attached  to  a  bourdon  tube 
or  bellows.  The  syste.n  is  filled  with  a  suitable  liquid  for  the  temperature 
range  required.  As  the  temperature  of  the  bulb  changes,  pressure  or  volume 
of  the  liquid  changes  and  this  change  is  noted  by  the  change  in  position  of  the 
bourdon  tube  or  bellows.  The  system  can  be  calibrated  to  indicate  temperatur?. 

(3)  Gas  Thermometers 

Gas  theriuOitielry  is  based  on  the  fact  that  for  ideal  gagc.s, 
the  pressure  and  volume  vary  with  temperature  according  to  the  law; 

PV  =  nRT  (2-57) 

where  P  is  the  absolute  pressure,  V  is  the  volume,  n  is  the  number  of  mols 
of  gas,  R  is  the  universal  gas  constant,  and  T  is  the  absolute  temperature. 

Many  gases  approach  the  ideal  gas  and,  for  gases  such  hydrogen,  helium, 
nitrogen,  argon,  oxygen,  and  others  it  is  possible,  to  measure  the  deviations 
from  ideal  gas  behavior  so  that  a  PVT-equation  can  be  obtained  to  an  accuracy 
of  better  than  0,1%.  Temperature  can  be  accurately  determined  with  eithe  i  tiie 
constant  volume  gas  thermometei  or  the  constant  pressure  gas  thermometer. 

A  typical  gas  thermometer  consists  of  a  bulb  containing 
gas,  a  pressure  measuring  device,  and  a  capillary  tube  connecting  the  tube. 

For  laboratory  use,  a  simple  nercury  manometer  is  used  to  measure  pressure. 
In  industrial  uses  the  pres.sure  is  usually  measured  witli  a  boux'doa  tube  gage, 
although  other  types  of  pressure  transducers  can  be  used. 
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The  constant  volume  gas  thermometer  is  simple,  self 
contained,  inexpensive,  rugged,  accurate  and  has  a  vast  response.  It  is 
subject  to  errors  caused  by  the  fact  that  as  the  temperature  rises,  thermal 
expansion  and  increased  pressure  slightly  increse  the  bulb  volume  and,  secondly, 
increased  pressure  cause  more  gas  to  flow  into  the  capillary  and  bourdon  tube. 

The  development  of  gas  thermometers  for  measurement  of  high  temperature 
presents  difficulties  due  to  the  need  for  rigid,  gas  type  container.  At  high 
temperatures,  it  is  difficult  to  find  bulb  materials  which  will  confine  the  gas 
without  gradual  loss  by  diffusion  of  gas  through  the  bulb  walls. 

There  are  two  forms  of  the  constant  pressure  type  gas 
thermcmeter.  One  form  consists  of  a  definite  mass  of  gas  enclosed  in  a  bulb 
of  variable  volume  at  constant  pressure.  The  second  form,  a  definite  mass 
of  gas  is  enclosed  in  a  bulb  of  fixed  volume.  Equipment  for  use  with  the 
constant  pressure  gas  thermometer  is  similar  to  that  used  with  constant  volume 
gas  thermometer  except  the  change  in  volume  of  the  gas  in  the  bulb  is  measured. 
The  constant  gas  thermometer  is  less  convenient  to  use  than  the  constant 
volume  gas  thermometer.  For  this  reason,  as  well  as  the  fact  that  it  has  an 
accuracy  comparable  with  the  constant  volume  gas  thermometer,  it  has  seldom 
been  used. 

(4)  Vapor-Pressure  thermometers  make  use  of  the  pressure 
exerted  hy  saturated  v'apor  in  equilxbi'iui'ji  with  a  volatile  Ixquid.  This  fact  can 
be  used  to  measure  temperature  if  the  relationship  between  temperature  and 
vapor  pressure  of  the  material  is  known,  A  simple  expression  for  relating 
the  vapor  pressure  and  temperature  of  some  materials  is  given  by: 

logr=A+B/T  (2-58) 

where  A  and  B  are  constants.  Additional  terms  in  the  equation  are  required 
to  adequately  represent  many  liquids.  It  can  be  seen  from  the  above  equation 
that  if  B  is  large,  then  small  changes  in  temperature  will  cause  large  variations 
in  the  vapor  pressure. 

Vapor-pressure  thermometers,  like  gas  thermometers, 
are  usually  connected  to  a  bourdon  tube  gage  or  similar  type  of  pressure  measuring 
instruments.  The  principal  advantage  of  vax^or-pressure  thermometers  is  the 
large  change  in  pressure  for  small  temperature  chaitges,  which  results  in  high 
53ensitivity.  Also,  the  bulb  siz,t  can  be  made  much  smaller  than  those  required 
for  gas  thermometers.  The  disadvantage  of  the  method  is  the  relatively  small 
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temperature  range  over  which  any  particular  liquid  can  be  used,  although 
various  liquids  can  be  used  to  cover  different  portions  of  the  temperature 
range  above.  Exlention  of  the  method  to  higher  temperatures  is  limited  by 
the  availability  of  suitable  liquids. 

(5)  Temperature  Indicators 

Among  the  temperature  indicating  types  are  pyrometric 
cones,  sometimes  called  Seger  cones.  These  are  slender  pyramids  of  triangular 
cross  section  made  from  mixtures  of  clay,  felspar,  whiting,  flint,  and  fluxe.«. 
When  subjected  to  high  temperatures  the  cones  soften  the  deform,  the  upper 
end  of  the  pyramid  curls  over  to  form  an  arc  until  finally  the  tip  touches  the 
mounting  surface.  When  a  pyrometric  cone  is  heated  at  a  definite  rate  it 
"goes  down",  i.  e.  ,  its  tip  touches  the  base  at  a  definite  temperature.  If  the 
heating  rate  is  more  rapid,  the  cone  "goes  down"  at  a  somewhat  higher 
■temperature.  Hence,  the  cone  does  not  measure  temperature,  but  rather  the 
dumulative  effect  of  time,  temperature,  and  atmosphere.  Each  cone  when 
heated  in  air  at  a  prescribed  rate  will  go  down  at  or  within  a  few  degrees  of  a 
given  temperature.  The  size  of  the  cone  also  has  a  bearing  on  the  deformation 
temperature.  Small  cones  have  higher  deformation  temperature  than  large  cones 
of  the  same  composition. 

Another  type  temperature  indicator  are  bars  of  ceramic 
material  (Hold  Craft  Bars)  mounted  horizontally  and  supported  at  their  ends, 
and  are  somewhat  similar  to  pyrometric  cones.  Bars  are  supplied  with 
different  softening  points.  As  the  temperature  is  raised,  some  of  the  bars 
soften  and  sag  under  the  influence  of  gravity.  The  temperature  is  indicated 
by  the  bar  which  just  begins  to  sag. 

Still  another  group  of  ceramic  temperature  indicators 
operate  on  the  principle  of  progressive  shrinkage  of  certain  ceramic  formulations 
as  they  are  subjected  to  higher  and  higher  temperatures  (Watkins  disks  and 
Buller  rings).  After  removal  from  the  furnace,  the  diameter  of  a  hole  in  the 
specimen  or  the  outside  diameter,  is  measured.  The  shrinkage  serves  as  a 
measure  of  the  combined  effect  of  the  temperature  reached  and  the  duration 
of  exposure.  Additional  temperature  indicating  de-vdees  are  pellets,  liquids, 
lacquers,  and  crayons.  They  consist  of  mixtures  of  minerals  bavins  definite 
melting  temperatures  ranging  from  40°C  to  1480°C.  The  melting  temperatures 
correspond  to  the  particular  numbers  in  the  series  and  are  indicated  by  the 
advert  of  a  wet  or  molten  appearance.  The  various  temperature  sensitive 
indicators  aie  spi'aycd,  brushed  or  placed  on  the  part  whose  temperature  is  to 
be  measured.  Visual  observation  during  heating  will  allow  a  rough  temperature 
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measurement,  or  an  inspection  after  heating  will  allow  the  determination  of 
the  maximum  temperature  achieved  within  the  limits  of  the  indicators  used. 

(6)  Resistance  Thermometers 

The  operation  of  a  resistance  thermometer  is  based  on  the 
fact  that  the  electrical  resistance  of  materials  varies  with  teiriperature.  The 
resistivity  of  most  metals  increases  with  increased  temperature.  The  resistivity 
of  electrolytes,  semiconductors,  and  insul-ators  decreases  with  increased 
temperature.  The  main  factor  causing  the  rise  in  resistivity  is  the  increased 
inner  action  of  electrons  with  atoms  that  are  displaced  from  their  positions  in 
the  metal  lattice,  resulting  in  a  short''mean  free  path”  for  the  electrons.  First 
use  of  the  resistance  principle  is  credited  to  Siemens  in  1871.  This  thermometer 
was  constructed  of  platinum  wire.  However,  unfavorable  results  were,  obtained 
v/ith  it  due  to  his  choice  of  material  for  mounting  the  platinum  wire.  Callendar, 
in  1887,  devised  a  superior  platinum  rfisistance  thermometer  and  is  credited  with 
laying  the  foundation  for  modern  resistance  thermometers. 

A  resistance  thermometer  system  consists  of  a  resistor 
mounted  on  a  suitable  frame,  a  resistance  measuring  instrument,  and  connecting 
leads  between,  the  two.  The  resistance  measuring  instrument  is  usually  a 
Wlieatstone  bridge  or  a  potentiometer. 

Since  the  resistance  element  is  xisually  at  a  remote  location 
from  the  measuring  instrument,  the  connecting  wires  are  usually  subjected 
to  various  changing  temperatures  along  their  length.  This  results  in  a  variation 
in  their  resistance  which  must  be  eliminated  if  the  system  is  to  be  accurate. 

Three  type.s  of  connections  have  been  de^^,sed  to  overcome  this  difficulty.  These 
are  shown  in  Fig.  2-108. 

The  Siemens  three-lead  method  of  compensation.  Fig.  2-l08a 
is  shovm  connected  to  a  Wheatstone  bridge  in  Fig.  2-109.  When  the  Wheatstone, 
bridge  is  balanced  sc-  that  the  gaivanoiuetei  G  does  rot  deflect, 

then  R  +  C/ r^  =  X  +  T/  r^  (2-59) 

The  lead  wires  of  the  resistance  element  T  and  C  are  made  to  have  equal 
resistance.  The  ratio  arms  r^  and  r^  are  set  so  that  =  r  .  Then  by  the 
above  equation,  R  =  X.  Thus  the  measured  resistance  is  oh  the  resistor  only, 
since  the  lead  resistance  is  eliminated. 
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Fig.  2-108  Three  Types  of  Connections  Used 
in  Resistance  Thermometers 


(j 


(.  2-109  Siemen's  3  Wire  Lead  Compensation  Fig.  2-110  Callendar's  Lead  Compensation 

Method  with  Wheatstone  Bridge  Method  with  Wheatstone  Bridge 
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The  Callendar  method.  Fig.  2-110,  makes  use  of  a  pair  of 
dummy  leads,  Ct  in  Fig.  2-108b,  that  are  connected  in  the  measuring  arm  R  of 
a  Wheatstone  bridge.  The  dummy  leads  Ct  are  made  equal  in  resistance  as  the 
leads  cT  from  the  resistance  element.  The  leads  c  and  T  and  resistance  element 
X  are  connected  in  the  adjacent  arm. 


Then  we  have  R  +  C  +  t 


1 


If  is  made  aqjal  to  r^j  then  R  must  equal  X, 
from  the  me  asurement. 


X  +  T  +  c  ■  (2-60) 

r.. 

thus  eliminating  the  lead  resistance 


In  the  four  wire  method,  Fig.  2-l08c,  two  leads  CT  arc 
current  leads,  and  the  other  two  leads  ct  are  potential  leads.  These  are  connected 
to  a  Wheatstone  bridge  as  shown  in  Fig.  2-111.  The  resistance  Rjj^  and  R^  are 
adjusted  to  balance  the  bridge  in  Fig.  2,llia.  and  2-lllb.  respectively.  Then, 
the  equation  for  Fig.  2-1 11a  is. 


+  C:  X  4  T 

- =  -  ,  (2-61) 

and  for  Fig.  2-lllb. 

K,  I  T  X  4  C 

_ = _ .  (2-62) 

^1  ^^2 


The  ratio  arms  ri  and  are  again  made  equal.  Adding  the  above  two  equations 
we  have 


X  =  4  R^/2  -  (2-63) 

The  change  in  connections  from  2-iila.  to  Z-lllb.  are  made  with  a  commutator. 

In  the  potentiometer  method,  the  resistance  tliermornetcr  X, 
Fig.  2-112,  is  connected  in  series  with  a  standard  or  known  resistance  R  and  a 
battery  B.  Precise  measu rement.s  of  the  potential  drops  and  across  the 
two  resistors  R  ana  X  are  made.  Since  the  same  current  is  maintained  through 
two  resistors,  the  unknown  resistance  can  be  easily  determined  by 

X  ---  E^R/E  .  (2-64) 

X  J. 

I'urther  details  on  the  use  of  bridge  circuitry  techniques  in  temperature 
measurements  ic  presented  in  Appendix  j V. 
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The  potentiometer  method  is  very  useful  when  the  resistance 
varies  over  a  wide  temperature  range.  The  precision  of  measurement  is  kept 
nearly  constant  over  a  wide  temperature  range.  This  method  is  capable  of  as 
high  a  sensitivity  as  the  bridge  methods;  however,  it  is  generally  not  as  convenient 
to  use.  Another  difficulty  is  the  problem  of  eliminating  stray  emfs.  which  cause 
errors  in  measurement. 

The  resistance  thermometer  has  several  advantages  over 
other  types  of  temperature  measuring  devices.  Its  excellent  accuracy  makes 
it  especially  valuable  in  measuring  small  temperature  differences  although 
it  is  also  suitable  for  measuring  large  temperature  differences  and  high 
temperatures.  Well- de signed  resistance  thermometers  have  excellent  stability. 
Unlike  thermocouples,  they  do  not  need  a  reference  junction.  In  general,  this 
is  usually  the  reason  resistance  thermometers  are  used  instead  of  thermocouple 
in  some  industrial  applications. 

Disadvantages  of  resistance  thermometers  include  relatively 
large  volume  compared  to  thermocouples  which  results  in  an  average  temperature 
over  the  length  of  the  resistor  rather  than  a  point  temperature,  and  the  need 
for  auxiliary  apparatus  and  power  supplies.  The  resistance  element  is  usually 
considerably  more  expensive  than  a  thermocouple.  The  electrical  current 
through  the  resistor  must  be  kept  as  small  as  possible  in  order  to  minimize  error 
due  to  self-heating  of  the  resistor.  (A  current  of  less  than  10  ma  is  desirable 
to  prevent  sizable  errors  from  self-heating).  These  errors  may  be  considerable 
when  the  resistance  thermometer  is  used  to  measure  temperature  in  slow 
moving  gas  streams. 

(7)  Thermocouples 

The  principle  operation  of  a  thermocouple  is  based  on  the 
discovery  by  Thomas  SeeBeck,  in  1821,  that  an  electric  current  flows  in  a 
closed  circuit  of  two  dissimilar  metals  when  their  junctions  are  at  different 
are  at  different  temper atures.  Thus,  by  measuring  the  emf  developed  and  knowing 
the  variation  of  emf  with  temperature,  a  thermocouple  may  be.  used  to  measure 
temperature. 


Three  fundamental  laws  governing  the  operation  of  thermo¬ 
couples  have  been  formulated.  These  are: 

(a.  )  The  law  of  the  homogeneous  circuit. 

An  electric  current  cannot  be  sustained  in  a  circuit  of 
a  single  homogeneous  metal  however  varying  in  section,  by  the  application  of 
heat  alone. 
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(b.  )  The  law  of  iiiterri^ediate  metals. 

The  algebraic  suui  of  the  ihermoeiectromotive  forces 
in  a  circuit  composed  of  any  number  of  dissimilar 'metals  is  zero,  if  all  of  the 
circuit  is  at  uniform  temperature. 


(c.  )  The  law  of  succe.ssive  or  intermediate  temperatures. 

The  thermal  emf  developed  by  any  thermocouple  of 
homogeneous  metals  v/ith  its  junctions  at  any  two  temperatures  Tj^  and  T- 
is  the  algebraic  sum  of  the  emf  of  the  thermocouple  with  one  junction  at  and 
the  other  at  T2  and  the  emf  of  the  same  thermocouple  with  its  junctions  at  T  and 
T  ^ 

S' 

A  simple  thermocouple  circuit  is  shown  in  Fig.  2-113.  It 
consists  of  two  dissimilar  metals  connected  together  at  each  end  and  an  instrument 
for  measuring  the  electromotive  force  (emf)  developed  when  the  junctions  are 
maintained  at  different  temperatures.  If  the  instrument  is  kept  at  a  uniform 
temperature,  then  all  junctions  in  the  instrument  will  be  at  the  same 
temperature  so  that  the  emf  developed  will  not  be  affected  by  the  introduction 
of  the  instrument  into  the  circuit.  The  reference  junction  of  the  thermocouple 
is  usually  maintained  at  a  constant  temperature,  normally  0°C.  The  thermo¬ 
couple  is  then  calibrated  to  determine  emf  output  as  a  function  of  temperature. 

Once  this  is  known,  then  ihe  device  can  be  used  to  rneasure  temperature. 


Two  methods  of  measurement  of  the  emf  generated  by  an 
thermocouple  are  direct  and  null  methods.  The  direct  method  employs  a  high 
resistance  meter  to  measure  the  emf  and  the  null  method  depends  on  balancing 
one  voltage  against  another  in  parallel  with  it.  The  direct  method  is  inherently 
less  accurate  than  the  null  method  using  the  null  method  or  potentiometric 
method.  There  is  practically  no  current  flow  in  thermocouple  circuit  when  the 
potentiometer  or  is  balanced.  Therefore,  variations  in  the  thermocouple  wire 
resistance  are  not  as  important.  Also  the  galvanometer  in  the  null  method  is 
used  only  to  indicate  zero  current  <^low,  while  the  meter  in  the  direct  method 


must  accurately  measure  voltage  and  iti.  accuracy  depends  on  the  inherent  meter 
accuracy. 

A  special  arrangement  of  thermocouples,  called  a  thermopile, 
consists  of  two  or  more  thermocouples  in  series.  They  are  principally  used  to 
detect  small  amounts  of  r£.diant  energy  and  are  used  as  detectors  in  many  radiation 
pyrometers.  In  this  application  a  lens  concentrates  the  radiant  energy  on  the  hot 
junctions  through  an  aperature  that  shields  the  cold  junction. 
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Thermocouples,  in  general,  have  advantages  for  use  in 
temperature  measurements  such  as;  very  stable,  small  size,  an  electric  signal 
output,  operation  over  a  wide  temperature  range,  flexibility  as  to  mounting,  ease 
of  application,  and  low  material  cost.  The  principal  disadvantages  in  the  use 
of  thermocouples  are  the  need  for  cold  junction  compensation  and  the  relatively 
small  dc  electrical  output.  Other  disadvantages  are  the  need  for  electrical 
measuring  apparatus,  calibration  curves  are  based  on  empirical  measurements 
although  the  curves  are  repeatable  to  tolerance  accuracies,  gradual  change  in 
readings  due  to  alloys  changing  composition,  and  the  need  for  potentiometer 
readings  when  good  accuracy  is  required. 

(8)  Semiconductors 

The  theory  of  semiconductors  rests  upon  the  concept  of 
energy  bands  in  solid  state  materials.  A  brief  discussion  of  the  origin  and 
significance  of  these  energy  bands  are  included  in  Appendix  IV  and  further 
reference  maybe  found  in  the  Handbook  of  Semiconductor  Electronics,  (Ref.  181). 

An  increase  in  temperature  increases  the  conductivity  of 
a  semiconductor  and  vice  versa.  Semiconductors  are  therefore  said  to  possess 
positive  temperature  coefficients  of  conductivity  or  conversely,  negative 
temperature  coefficient  of  resistivity. 

Most  semiconductor  temperature  measuring  devices 
fall  under  the  thermistor  type  and  a  discussion  of  these  will  follov/  shortly. 

However,  a  low  temperature  thermometer  has  been  developed  utilizing  arsenic 
doped  germanium,  a  material  quite  dissimilar  to  those  used  in  ordinary  thermistors. 
See  reference  182  for  a  complete  report  and  Section  III  of  this  handbook  for 
application  and  description. 

The  semiconductor  temperature  measuring  devices  offer 
advantages  of  extremely  small  size  and  the  relatively  simple  apparatus  it 
requires  for  operation.  The  only  significant  His  — itage  apparent  at  this  time 

is  that  its  response  cannot  be  given  by  a  simple  equation,  making  calibration 
curves  a  necessity. 


181  L.  P.  Hunter,  Handbook  of  Semiconductor  Electronics,  McGraw-Hill 
Book  Company,  Inc. 

182  Kunzler,  J.  E.  ,  T.  H.  Geballe  and  G.  W.  Hull,  "Germanium  Resistance 
Thermometers  Suitable  For  Low  Temperature  Calorimetry",  Review  of 
Scientific  Insturments  ,  Vol.  28  n  2,  Feb,  1957. 
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Proposed  work  on  this  type  thermometer  includes  a  study 
of  its  stability  upon  cycling  from  room  temperature  to  liquid  helium  temperature, 
a  determination  of  its  upper  temperature  limit,  types  with  higher  resistance 
ranges  and  a  study  of  functional  characteristics  at  lower  temperature. 

(9)  Thermistors  (Ref.  183  and  184) 

Thermistor  is  a  name  given  to  thermally  sensiti'''e  resistors 
made  from  sintered  mixtures  of  metallic  oxides  .such  as  TiO^,  MgO,  NiO,  Fe^O^ 
etc.  The  energy  band  theory  used  to  describe  the  conduction  mechanism  in 
semiconductors  does  not  apply  to  thermistor  materials.  Theory  indicates  that 
in  their  pure  state  they  should  be  metallic  conductors  because  of  their  unfilled 
valence  band.  Actually  they  have  the  properties  of  insulators. 

In  their  mixture  form,  these  elements  have  thermal  pro¬ 
perties  similar  to  semiconductors  since  for  limited  ranges,  their  resistance 
is  given  by  the  following  equation; 

R  =  Ae®/'^  (2-65) 


where 


R  =  resistance  B  =  nearly  a  constant  for  a  given  material 

A  =  constant  T  =  absolute  temperature 


Compare  this  to  the  semiconductor  equation  for  resistivity: 


e  =  A' 


^B'/T 


(2-66) 


where 


e  =  resistivity 
A'  =  constant 
B'  =  E/2k 

Figure  2-114  shows  a  typical  thermistor  specific  resistance 
variation  with  temperature. 


183  Same  as  Reference  180 

184  Sapoff,  Meyer,  "The  The rmistor-- A  Specialized  Semiconductor  Senso 
Military  Systems  Design,  July/ August  1961 
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Fig.  2-114  Typical  Thermistor  Characteristic  Curve  (Fenwal  Electronics) 
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There  are  many  ways  in  v/hich  thermistor t-  are  used  to 
measure  temperature.  All  systems,  of  course,  utili?.e  the  thermistor's 
property  of  varying  resistance  with  temperature.  One  straightforward  and  very 
sensitive  method  employs  a  thermistor  in  a  simple  Wheatstone  bridge.  The 
resistance  measurements  are  correlated  to  temperature  by  means  of  calibration 
curves  which,  because  of  a  thermistor's  non-linearity,  should  be  made  for 
each  thermometer.  This  method  is  quite  accurate  (0.001°C),  but  because  of 
its  need  for  a  calibration  curve,  it  maybe  less  convenient  than  other  methods. 

Using  suitable  shunting  resistors,  to  compensate  for  differences  in  thermistors 
resistance-temperature  characteristics,  one  may  construct  a  bridge  circuit 
temperature  measuring  device  corresponding  to  a  single  calibration  curve.  See 
Section  III  on  Applications  for  detailed  discussion  of  thermistor  compensation 
to  arrive  at  desired  resistance  verses  temperature  characteristics. 

Still  another  method  eliminates  the  need  for  separate 
calibration  curves.  Connecting  a  thermistor  in  series  with  a  fixed  resistor  results 
in  an  inflexion  point  in  the  curve  relating  current  temperature,  ff  a  Wheatstone 
bridge  with  an  arm  consisting  of  an  arm  and  a  series  resistor  is  balanced  at 
this  point  of  inflexion,  bridge  output  will  be  linear  with  respect  to  slight  variation 
in  temperature.  The  accuracy  of  this  method  is  somewhat  better  than  the  previous 
one  (0.04°C);  however,  the  temperature  range  is  substantially  reduced. 

Thermistors  possess  many  advantages  over  other  temperature 
measuring  devices,  the  foremost  being  their  extremely  high  temperature 
sensitivity.  It  is  about  ten  times  higher  than  metallic  resistance  thermometers, 
and  it  enables  thermistors  to  be  used  in  comparatively  simple  measuring 
circuits.  Another  advantage  that  thermistors  offer  is  that  they  can  be  manufactured 
in  any  size  and  shape.  The  three  most  common  shapes  are  rods,  discs,  and 
beads.  The  bead  shape  has  been  made  in  sizes  as  small  as  0.  OlO  cm  in 
diameter.  If  fast  response  times  are  desired,  flake  thermistors  can  be  made 
with  thermal  relaxation  times  in  the  order  of  a  few  milliseconds. 

Thermistors  can  also  be  \;sed  for  remote  indication,  since 
thei?.-  resistances  at  normal  operating  temperatures  are  high  enough  to  make  lead 
resistances  appear  negligible.  Their  stability  at  normal  temperatures  is 
also  good  for  they  hold  their  original  calibration  for  long  periods  of  time. 

The  chief  disadvantage  appears  to  be  their  non-linearity, 
but  many  systems  have  been  devised  to  compensate  for  this.  The  low  temper.^*ure 
limit  of  the  thermistor  comes  about  by  the  insensitivity  that  occurs  in  the 
measuring  system  when  the  thermistor's  resistance  becomes  too  large.  The 
upper  temperature  limit  is  set  by  an  instability  that  results  when  thermistors 
are  subjected  to  sufficiently  high  temperatures. 
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Matei'ials  of  ceramic  composition  belonging  to  the  alkali- 
aluminum- sili  cate  family,  exhibit  resistivity  characteristics  similar  to  those 
of  therinistors,  even  to  the  similarity  in  equationc,  but  their  most  valuable 
feature  is  that  they  can  be  used  at  temperatures  as  high  as  1500’^C  and  possibly 
higher,  Further  study  and  development  of  these  materials  is  needed  to 
control  in  their  manufacture,  the  many  sensitive  variables  such  as  composition, 
impurity  concentration,  time  of  firing,  and  temperature  of  firing  of  the  ceramic. 

(10)  Sensitors 

Sensitor  is  the  trade  name  given  by  Texas  Instrument  Inc. 
to  a  serr,iconductor  product  which  exhibits  a  positive  temperature  coefficient 
of  resistance.  They  achieve  this  by  introducing  carefully  controlled  amounts 
of  Boron  impurities  into  Silicon  semiconductors.  At  temperatures  below 
-150  C,  the  Sensitor  has  a  negative  temperature  coefficient  much  the  same  as 
other  positive  and  th.=  element  acts  as  a  highly  sensitive  metallic  resistance 
thermometer. 

Sensitors  are  used  in  almost  exactly  the  same  circuits  and 
applications  as  thermistors.  The  advantage  of  Sensitors  over  thermistors  is 
that  they  can  be  easily  manufactured  to  close  tolerances.  Further  comparisons 
between  Sensitors  and  thermistors  indicate  a  slightly  better  linearity  in  the 
former,  but  a  slightly  higher  sensitivity  in  the  latter.  The  lower  temperature 
limit  is  -150°C  due  to  the  temperature  coefficient  changing  from  positive  to 
negative  at  this  point.  Instability  determines  the  upper  limit  at  200°C. 

(11)  Thcrrninoiiic  Emission 

Electrons  in  the  valence  band  are  free  to  travel  throughout 
a  material,  but  at  the  boundaries  of  the  conductor,  the  potential  energy  barrier 
rises  to  a  value  large  enough  to  prevent  electron  emission  from  its  surface. 

By  heating,  however,  it  is  possible  to  raise  the  energy  of  an  electron  to  a 
value  sufficient  ot  overcome  the  barrier.  The  difference  between  the  energy 
required  to  overcome  the  barrier  and  the  Fermi  energy  level  is  called  the  work 
function  of  the  metal.  It  i.s  possible  to  develop  expressions  for  the  number 
of  electrons  that  ai  riv'^e  per  unit  time  at  a  unit  surface.  See  Appendix  of  this 
report  for  a  detailed  discufisioa  of  these  expressions  and  relations.  With 
further  derivation  one  may  arrive  at  an  equation  relating  the  emission  current 
density  with  temperature. 
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A  fundamental  circuit  of  a  vacuum  diode  is  shown  in  Fig.  Z-115. 
No  heater  is  shown  since  all  the  heat  is  supplied  by  the  object  whose  temperature 
is  being  measured.  The  voltage  supply  is  necessary  to  direct  the  electron  ilow 
from  the  cathode  to  the  anode,  and  the  current  reading  on  the  ammeter  is  a, 
measure  of  the  cathode  temperature. 

The  advantages  to  be  found  in  thermionic  emission  thermometry 
include  high  temperature  measuring  capabilities,  linear  operation,  and  simple 
operational  circuitry.  A  major  disadvantage  is  the  fact  that  the  characteristics 
of  a  diode  change  after  it  is  used  for  a  sufficiently  long  time.  This  would  tend 
to  affect  the  accuracy  of  the  device.  Also  affecting  the  accuracy  would  be  the  photo- 
emission  and  field  emission  effects  of  a  low  work  function  cathode. 

The  area  of  thermionic  emission  thermometers  have  many 
problems  that  must  be  solved  before  they  can  be  considered  practical.  One  of 
these  problems  is  the  development  of  cathode  materials  that  are  suitable  for 
various  temperature  ranges.  Along  with  this,  the  materials  m.ust  have  extremely 
long  life  expectancies  to  prevent  the  inaccuracies  that  result  from  cathode 
evaporation.  Another  problem  is  the  development  of  convenient  and  compact 
enclosures  which  allow  for  anode  cooling. 

(12.)  Magnetic  Techniques 

There  are  three  distinct  forms  of  magnetism:  ferromagnetism, 
paramagnetism,  and  diamagnetism.  Externally  they  can  be  distinguished  by  the 
value  of  magnetic  susceptibility  in  a  material.  A  ferromagnetic  substance  has 
a  susceptibility  that  is  not  constant  but  is  often  very  large.  This  differs  from  a 
paramagnetic  material  which  has  a  very  small,  positive  susceptibility,  and  a 
diamagnetic  material  which  has  a  very  small  negative  susceptibility.  The 
susceptibility  of  diamagnetic  materials  has  been  found  to  be  almost  independent 
and  will  not  be  discussed  in  cozinection  with  temperature  sensing.  A  representative 
paramagnetic  temperature  measuring  system  may  consist  of  a  one-inch  sphere 
of  paramagnetic  salt,  chromic  methylammonlum  alum;  a  mutual  inductance 
bridge;  a  low  frequency  signal  generator;  a  galvariomete r;  and  an  amplifier.  The 
schematic  diagram  is  pictured  in  Fig.  2-116.  The  salt,  represented  in  the  figure 
by  S,  is  used  as  the  core  of  a  mutual  inductance  ,  which  is  put  in  parallel 
with  a  variable  mutual  inductance  M^.  They  are  both  fed  by  a  low  frequency 
(200  cps)  signal  generator.  If  the  mutual  impedance  of  do  not  equal  of  hij  , 
a  signal  will  appear  across  the  amplifier  where  it  will  be  amplified  and  sent  to  a 
vibration  galvanometer  to  indicate  a  deflection.  Variations  in  temperature  will 
vary  the  mutual  inductance  because  of  the  variation  in  magnetic  sus ccpbbility 
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of  the  parainaj^netic  core.  After  adjusting  the  variable  mutual  inductance 

and  the  variable  retistoi  R  {to  account  for  phase  shift  in  until  the  galvanometer 

nulls,  a  reading  can  be  taken  of  and  interpreted  in  terms  of  temperature 

by  meanG  ot  cai.'.brat.io-i  cur'/es. 

The  principal  advantage  of  this  system  is  its  extreme 
a.ccuracy  and  senEitivity  ac  very  low  tampuratn res.  V/hile  il  is  true  that  rer.istance 
thermometers  can  be  used  at  equivalent  tciriperatures,  they  do  not  posses  the 
linearity  of  the  pararaa.gnatic  salt. 

The  very  narrow  temperature  range  may  be  the  most  important 
disadvantage  of  this  systevn  and  it  is  minor  one.  The  upper  limit  of  the 
temperature  range  would  have  to  be  set  by  the  loss  of  inagnetism  and  its  consequent 
adverse  effect  upon  the  sensitivity  of  the  system.  Th(i  lower  temperature  will 
theoretically  be  set  by  the.  Curie  Point,  although  physicists  (Ref.  185)  believe  that 
it  will  probably  be  determined  by  the  crystalline,  field  soUtting  of  the  ground 
state  spin  qua.druplet. 

Ferromagnetic  techniques  concern  the  use  of  ferromagnetic 
substances  such  as  ircin,  cobalt,  and  nickel.  The  graph  in  Figure  2-117  shows 
that  the  relative  magnetization  of  a  ferromagnetic  material  decreases  as  the 
temper, ature  is  increased,  and  eventually  approaches  zero  at  the  Curie  temperature. 
This  agrees  very  well  with  experimental  eviuen.ce,  although  it  has  been  founc  that 
a  ferromagnetic  materia.l  does  not  lose  all  its  magnetism  but  becomes  paramagneti  c 
at,  and  above  the  Curie  Temperature.  The  inverse  relationship  of  magnetization 
to  temperature  ia  an  indication  tliai  thermal  vabratioi.  of  the  molecules  oppose 
their  alignment  of  their  magnetic  moment.  A  simple  tamperaiure  measuring 
system.  Fig.  2-118,  employing  ferromagnetic  te(.,hniqu consists  of  two  coils 
v/ound  On  a  ferromagnetic  core.  A  low  frequency  'signal  is  supplied  to  one  of  the 
coils  which  ii*  turn  induces  a  voltage  acrc.ss  rhe  otner.  The  induced  voltage  is 
directly  related  to  the  magnetic  susceptibility  of  the  ferrom;  netic  core,  which  is 
inversely  proportional  to  the  temperature  of  rl,  '  core.  Here  there  is  an  inverse 
rclaticnohip  bet'.veen  the  induced  voltage  and  the  temperature.  The  voltage  is 
taken  off  the  second  coil  by  a  voltmeter  and  is  translated  to  temperature  by  a 
calibration  ciirve. 


185  Da\d.s,  T.  P.  ,  ''The  Carbon  Arc  Image  Furnace",  Proceedings  of 

Symposium  on  High  Temperature,  A  Tool  For  The  Future,  1956,  Berkeley,  Calif, 


WADD  TR  61-67 
VOL  I  REV  I 


222 


Fig.  2-'ll7  Ternpercture  Variation  of  Ferromagnetism 
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generator 


Voltmeter 


Fig.  2-118  Ferromagnetic  Thermometer 
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The  primary  advantage?  of  this  techniqvie  are  it?  usefulness 
at  moderately  high  temperatures  and  its  simplicity  of  construction,  from  the 
relative  magnetization  versus  temperature  curve  it  can  be  seen  that  a  ferromagnetic 
material  has  a  very  large  temperature  se.nsitivity  near  the  Curie  point,  but  the 
sensitivity  decreases  rapidly  as  the  temperature  is  lowered.  It  has  been  estimated 
(Ref.  186)  that  the  useful  temperature  range  is  limited  at  the  lower  end  by 
temperature  of  approxiir.ately  50‘^C  below  the  Curie  point.  This  lower  limit  is 
set  by  sensivitity  considerations  and  the  upper  limit  is  of  course  set  by  the  Curie 
point.  The  Curie  temperatures  of  iron,  nickel,  and  cobalt  are  770'^C,  350°C, 
and  1120°C  respectively.  To  adjust  the  Curie  points  and  hence  the  useful 
temperature  range  of  these  materials,  various  alloys  arc  used.  With  such 
alloys.  Curie  points  as  low  as  60‘^C  are  common.  The  low  temperature  usefulness 
of  ferromagnetic  materials  and  cJloys  is  curtailed  at  temperatures  lower  than 
-75^C  because  of  their  irreversibility. 

(13)  Thermal  Noise  Thermometer 

Thermal  noise  is  a  fluctuating  voltage  or  current  of 
random  amplitude  and  phase.  Such  fluctuations  are  associated  with  any  resistive 
element  which  is  at  an  absolute  temperature  T.  The  thermal  noise  in  resistors 
is  generated  by  the  random  motion  of  conduction  electrons  which  result  from 
their  collisions  with  the  crystal  lattice.  The  random  motion  of  the  electrons 
corresponds  to  random  electrical  current  or  voltage  and  hence  to  a  noise 
source,  Tlie  meati  square  value  of  thermal  noise  current,  or  vcllage  output 
from  a  resistor  in  thermal  equilibrium  at  a  temperature  T,  lias  been  derived 
by  Nyquist  (Ref.  187).  The  mean  square  noise  voltage  is  proportional  to  the 
absolute  temperature  and  this  noise  voltage  can  be  measured  very  accurately. 
Experimental  measurements  of  noise  output  from  resistors  hcive  been  pierformed 
by  J.  B.  Johnson  (Ref.  188)  in  the  tenipcratui'e  range  from  -180°C  to  lOO'^C, 


186  Jackson,  Ij.  R.  and  K.  W.  Russel,  "Teinpeiature  Sensitive  Magnetic 

j^lloys  cLjid.  Uscs^*,  Ins  t  ruin  Crit  s  ^  ii  n  11>  jr  1938 


187  Nyquist,  H.  ,  ’‘Thermal  Agitation  oi  Electric  Charge  In  Conductors", 
Physical  Review  ,  Vol.  3Z,  July  1928 

188  Johnson,  J.  B.  ,  "Thermal  Agitation  of  Electricity  In  Conductors", 
Physical  Review,  Vol.  32,  July  1928 
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Recently  at  Armour  E.esearch  Foundation  the  linearity  of  the  noise  output  of  a 
resistor  as  a  function  of  temperature  v/as  measured  up  to  1300OC  (Ref.  189). 

All  the  experimental  measurements  confirmed  Nyquist's  relation  within  the 
experimental  error.  A  noise  thermometer  for  high  temperature  and  high 
pressure  ha'/e  been  designed  by  Garrison  and  Lav/son  (Ref.  190).  The  accuracy 
of  the  noise  thermometer  has  been  reported  as  0,  1  percent  up  to  lOOO'^C.  A 
similar  noise  thermometer  (Ref.  191)  has  been  investigated  by  the  National 
Bureau  of  Standards  to  determine  its  applicability  for  measurements  in  the  700^ C 
to  1200*^C  temperature  range  with  three  place  accuracy.  Recently  a  low  tempera¬ 
ture  noise  thermometer  (Ref.  19?-)  has  been  designed  to  measure  temperatures  as 
low  as  the  boiling  point  of  liquid  helium.  At  that  point  a  deviation  on  only 
8  percent  from  the  accepted  value  has  been  reported. 

The  noise  thermometer  has  possibilities  as  an  absolute 
(requiring  no  calibration)  temperature  measuring  device.  Very  high  accuracies 
have  been  obtained.  Limitations  of  the  accuracy  and  hence  the  usefulness  a.s 
an  absolute  temperature  standard  is  primarily  dependent  on  the  accuracy  of 
the  noise  thermometer  is  determined  by  the  temperature  stability  of  currently 
resistive  materials. 

c.  Thermal  Radiation  Method 
(1)  Radiation  Detectors 

Electrons  can  be  excited  to  higher  energy  levels  by  light  as 
well  as  heat.  For  photoemission  to  occur,  the  photons  falling  on  a  conductor 
must  impart  to  the  free  electrons  of  that  material  enough  energy  to  overcome 
the  potential  barrier  at  its  surface.  The  minimum  energy  of  the  photon  must 
therefore  be  the  work  function  of  the  material.  By  lowering  the  work  function, 
the  frequency  needed  for  photoemission  is  also  lowered,  and  if  the  work  function 
is  lowered  sufficiently,  a  electron  emission  will  take  place  for  frequencies  in 


189  Zucker,  H.  ,  et  al.  ,  Design  and  Development  of  a  Standard  White  Noise 
Generator  and  Noise  Indicating  lusLrument'',  IRE  Trans.  On  Instrumentation, 

Vol.  1-7,  Dec.,  1958 

190  Garrison,  J,  B.  and  A.  W.  Lawson,  "An  Absolute  Noise  Thermometer 
For  High  Temperatures",  Review  of  Scientific  Instiuments ,  Vol.  20,  1949 

191  "High  Temperature  Thermodynamics  Technical  Report  11"  NBS  Report 
3431  ,  NBS  Project  0301-20-2674,  July  1954 

192  Patronc's,  E.  T.  ,  et  al.  ,  "Low  Temperature  Thermal  Noise  Thermometer" 
Review  of  Scientific  Instrarnents,  Vol,  30,  July  1959 
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the  infrared  region,  thereby  enabling  the  device  to  be  used  as  a  radiation  detector. 
The  only  difference  between  photoemissive  cathode  does  not  have  to  be  brought 
to  the  temperature  of  the  test  object.  A  photo  tube  circuit  is  very  similar  to 
that  of  a  thermonic  diode  circuit.  Because  of  the  extremely  low  currents  (micro 
amps)  that  result  in  photoemission,  it  is  easier  to  measure  the  voltage  drop 
across  a  large  resistor  than  to  try  to  measure  the  current.  Large  currents  can 
be  obtcdned  by  the  use  of  photomultiplier  tubes,  which  are  simply  carefully 
designed  phototubes  employing  the  principle  of  secondary  emission. 

The  fact  that  phototubes  do  not  have  to  be  in  thermal  equilibrium 
with  the  test  object  makes  them  ideal  for  the  measurement  of  high  temperatures. 

They  are  used  in  optical  pyrometers  and  in  radiation  pyrometers.  However, 
somewhat  limited  by  the  fact  that  their  spectral  response  does  not  extend  very  far 
into  the  infrared  region.  Their  fast  response  time  also  increases  their  usefulness 
in  temperature  measurement.  Disadvantages  of  optical  pyrometers  include  the 
precautions  that  must  be  taken  in  clearing  obstructions  such  as  smoke,  fumes, 
etc.  from  the  radiation  path,  keeping  lens  free  from  dirt  and  grease,  and  the 
relatively  high  cost  of  the  optical  systems.  The  lower  temperature  limit  of 
visible  light  (about  760°C)  sets  the  lower  limit  upon  optical  pyrometer  systems 
using  phototubes.  Their  highest  temperature  is  limited  by  the  emission  saturation 
of  the  tube.  The  temperature  extremes  of  a  phototube  radiation  pyrometer  would 
have  to  be  set  by  the  spectral  response  of  the  tube, 

Xnght  photons  of  sufficient  energy,  upon  sti iking  a  seim" 
conducting  material,  are  able  to  excite  electrons  across  the  forbidden  energy 
gap,  therby  increasing  the  conductivity  of  the  material.  Semiconductors  with 
small  gaps  can  be  used  for  frequencies  in  the  infrared  region  and  are  therefore 
useful  in  radiation  pyrometers.  A  photo  conductive  cell  acts  somewhat  as  a 
remote  action  thermistor,  and  seemingly  can  be  used  in  the  saine  types  of 
circuits  as  thermistors  (bridge  circuits,  series  circuits,  etc.).  Lead  sulfide  is 
a  material  wliich  exhibi  .s  photo  conductive  properties  at  radiation  frequencies 
as  low  as  500  cycles  per  second.  The  advantages  of  a  lead  sulfide  photocell  are 
its  extremely  small  siy.e,  rugged.iess,  and  infrared  sensitivity.  Temperature 
limitations  upon  a  photo  conductive  ceil  are  dependent  upon  its  spectral  response. 

A  tliird  t^'pe  radiation  detector  is  the  photovoltaic  cell.  It  operates  on  a  principle 
similar  to  that  of  contact  potential  in  metals.  A  N-type  semiconductor  with  a 
Fermi  Level  son,2.vbat  higher  than  that  of  a  metallic  conductor  is  placed  in 
contact  with  the  metallic  conductor.  Electrons  flow  from  the  semiconductoi'  to  the 
metal  unti'  the  two  Ferrji  Levol'^  are  equal,  making  the  semiconductor  and 
metal  a  sir.gte  thermodynamic  system.  In  doing  so,  a  potential  barrier  is  formed 
at  tl>.e  junction  of  the  metal  and  the  semiconductor,  which  halts  further  flow  of 
elcctror;s  between  the  Lvo.  Upon  illumination,  the  light  photons  excite  electrons 
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across  the  energy  gap,  thereby  greatly  increasing  the  electron  and  hole  concentra¬ 
tion  in  the  semiconductor,  and  also  upsetting  the  thermodynamic  equilibrium  of 
the  system.  Since  these  excited  electrons  are  unable  to  flow  across  the  junction 
barrier  and  neutralize  the  effect  of  the  illumination,  thermodynamic  equilibrium 
is  again  achieved  by  a  rise  occuring  in  the  semiconductor's  energy  levels.  The 
rise  continues  until  the  free  electron  and  hole  concentrations  in  the  semiconductor 
equal  those  at  the  same  energy  levels  in  the  metal.  A  voltmeter  across  the  metal 
and  the  semiconductor  will  indicate  a  voltage  drop  equivalent  to  the  difference 
in  Fermi  Levels  of  the  two.  The  maximum  voltage  drop  is  practically  realized 
to  be  the  voltage  equivalent  of  one  half  the  forbidden  energy  gap  in  the  semi¬ 
conductor.  As  was  the  case  in  the  other  photoelectric  devices,  photovoltaic  cells 
have  a  radiation  frequexrcy  dependence. 

(2)  Line  Reversal  Pyrometer 

The  line  reversal  pyrometer  is  a  device  for  the  measurement 
of  gas  temperatures  above  1000°K.  In  principle  it  is  somewhat  similar  to  the 
optical  pyrometer  in  that  it  compares  the  radiation  from  a  gas  with  that  from  a 
calibrated  I’eference  source.  Unlike  a  solid,  a  gas  emits  or  absorbs  radiant 
energy  at  only  certain  descrete  wavelengths.  When  a  black  body  is  viewed 
through  a  gas  and  the  gas  is  at  a  higher  temperature  than  the  black  body,  the  gas 
will  appear  bright  against  the  background  of  the  black  body  at  the  wavelengths 
that  the  gas  emits  energy.  If  the  gas  is  at  a  lower  terrjperature  than  the  black 
body,  tlie  gas  will  appear  dark  against  the  backgi'ound  of  the  black  body  at  the 
wavelengths  the  gas  absorbs.  By  adjusting  the  temperature  of  the  black  body 
until  no  difference  in  brightness  exists  between  the  gas  and  the  black  body,  the 
gas  temperature  is  equal  to  that  of  the  black  body,  and  the  gas  temperature  may 
then  be  determined  by  measuring  the  black  body  temperature.  The  determination 
of  the  point  of  equal  brightness  is  most  conveniently  made  by  using  a  spectroscope. 
Radiation  from  a  black  body  appears  as  a  continuous  spectrum  and  the  radiation 
emitted  or  absorbed  by  the  gas  apprears  as  bright  or  dark  lines.  At  the  points 
of  equal  brightness,  the  lines  disappear  against  the  background  of  the  continuous 
radiation. 

The  upper  temperature  which  may  be  mea.sured  by  the  line- 
reversal  method  is  limited  by  the  calibration  radiator.  Tungsten  ribbon  lamps 
cannot  be  used  beyond  3000°K.  Improvement  in  this  respect  depends  on  the 
development  of  radiator  sources  to  work  at  higher  temperatures.  Another 
improvement  would  be  to  eliminate  the  need  for  manual  adjustment  required  for 
matching  the  gas  and  lamp  brightnesses.  (Ref.  193) 


193  Buchele,  D.  ,  A  Self-Balancing  Line-Reversal  Pyrometer,  NACA  TN  3656, 

August  1956 
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(3)  Optical  Pyrometers 


An  optical  pyrometer  is  a  device  in  which  the  temperature  of 
an  object  is  determined  by  comparing  the  visible  radiation  from  the  object  with 
that  from  a  calibrated  reference  source.  The  commonly  used  optical  pyrometers 
consist  of  an  optical  system  which  forms  an  image  of  the  object  viewed  in  the 
instrument,  A  lamp  is  used  as  a  reference  source  and  is  positional  so  that  the 
lamp  filament  is  in  the  focal  plane  of  the  image.  The  lamp  filament  and  the  object 
whose  temperature  is  to  be  measured  can  be  seen  simultaneously  through  the 
eyepiece  of  the  optical  pyrometer.  The  temperature  of  the  object  is  measured  by 
adjusting  either  the  brightness  of  the  lainp  filament  or  the  image  of  the  object 
viewed  until  they  coincide.  At  the  point  of  equal  brightness  the  lamp  filament 
disappears  against  the  background  of  the  object  viewed. 

Two  types  of  disappearing  filament  pyrometers  are  marketed. 

In  the  type  made  by  the  Leeds  and  Northrup  Company,  a  slide  wire  resistor  is 
used  to  adjust  the  filament  current  in  the  lamp  to  make  the  brightness  match. 

A  potentiometer  in  the  instrument  is  calibrated  to  give  the  temperature  of  the 
object  when  the  potentiometer  is  balanced  against  the  slide  wire  resistor.  In  the 
optical  pyrometer  made  by  the  Pyrometer  Lastrument  Company,  the  brightness  of 
the  image  of  the  object  whose  temperature  is  being  measured  is  adjusted  by 
rotating  a  wedge  shaped  absorbing  screen  placed  between  the  lamp  filament  and 
the  object.  The  absorbing  screen  is  calibrated  to  give  the  temperature  of  the 
object  when  the  brightness  madch  is  made. 

With  either  optical  pyrometer,  at  the  point  of  equal  brightness, 
the  color  of  the  filament  is  not  necessarily  the  same  as  that  of  the  object  viewed. 

Since  this  would  make  precise  matching  of  the  reference  source  and  object  brightness 
difficult,  most  of  the  better  instruments  include  a  monochromatic  filter.  With 
this  arrangement  the  brightness  match  is  made  in  a  narrow  bank  of  wavelengths 
which  is  usually  located  in  the  red  end  of  the  visible  spectrum. 

The  most  important  advantage  of  the  optical  pyrometer  is 
that  it  can  be  used  to  measure  the  temperature  of  a  material  without  being  in  contact 
with  it.  The  disadvantage  of  the  optical  pyrometer  is  that  the  ernissivity  of  the. 
object  can  be  obtained,  and  that  the  instrument  does  not  measure  temperature 
automatically,  but  requires  a  manual  adjustment.  Use  of  photo  tubes  for  automatic 
balancing  are  under  development.  (Ref.  194) 


194  Blum,  N.  A.  ,  "Recording  Optical  Pyrometer",  Review  of  Scientific 

In.struments,  Vol.  30  n  4,  April  1959 
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(4)  Total  Radiation  Pyrometers 

A  total  radiation  pyrometer  consists  essentially  of  a  sensing 
element  for  detecting  ti'tal  radiation  energy  and  usually  a  mirror  or  lens  for 
focusing  the  radiation  on  the  sensing  element.  The  sensing  element  can  be  anything 
that  gives  a  consistent  signal  from  the  radiation  received.  Thermocouples  and 
thermopiles  are  most  often  employedj  but  in  some  cases  thermistors,  bolometers, 
and  spiral  wound  bimetallic  strips  have  been  used.  These  sensing  elements 
produce  a  signal  by  undergoing  a  temperature  change  from  the  radiant  energy 
received.  Since  some  time  lapse  is  required  for  the  temperature  change  to  occur, 
the  signal  from  these  devices  lags  behind  the  radiation  received.  By  making  the 
mass  of  the  sensing  element  as  small  as  possible  v/ith  respect  to  the.  surface  area 
of  the  element,  the  response  time  has  been  made  as  small  as  possible  with  respect 
to  the  surface  area  of  the  element,  the  response  time  has  been  made  as  small  as 
0.4  seconds. 


The  temperature  range  over  which  the  pyrometer  can  be  used 
does  not  seem  to  have  any  theoretically  limit.  Commercial  instruments  are 
available  which  taken  together,  can  be  used  from  ambient  to  4100'^K,  They  indicate 
temperature  remotely  and  therefore  do  not  require  physical  contact  with  the 
material  whose  temperature  is  being  measured.  Another  advantage  is  that  they 
do  not  require  manual  adjustments,  as  optical  pyrometers  do,  but  give  temperature 
readings  directly.  A  disadvantage  of  a  radiation  pyrometer  is  that  the  emissi\T.ty 
of  the  object  whose  temperature  is  being  measured  must  be  known  if  the  object  is 
not  a  black  body. 

(5)  Two- Color  Pyrometer 


Tlie  two-color  pyrometer  does  not  respond  to  the  intensity 
of  radiation  received  by  the  instrument,  but  instead  is  calibrated  to  indicate  a 
temperature  in  terms  of  the  ratio  of  radiant  intensity  at  two  different  wavelength 
bands.  As  a  result  this  instrument  has  a  smaller  dependence  on  emissivity  than 
the  optical  pyrometer.  The  two-color  pyrometer  is  also  suitable  for  automatic 
process  control  because  it  does  not  require  manual  adjustment. 


Q T*  pyr*orr*.Gtcx’  usu.G.lly’  consists  of  two  filtt 


/hich 


transmit  in  the  red  and  blue  portions  of  the  visible  spectrum.  In  the  pyrometer 
made  by  the  Shaw  Instrument  Company,  the  filters  are  mounted  on  a  rotating  disk. 
A  photocell  placed  behind  the  disk  delivers  a  fluctuating  output  due  to  the 
difference  in  radiant  intensity  transmitted  by  the  two  filters.  Feed  back  in  the 
electrical  circuitry  causes  the  average  amplitude  of  the  amplified  signal  to  be 
constant.  The  fluctuation  of  the  amplitude  is  then  a  function  of  only  the  ratio  of 
the  radiation  received  at  the  two  wavelengths.  The  amplified  fluctuation  of  the 
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signal  is  then  fed  to  a  meter  which  is  calibrated  to  give  the  temperature  of  the 
object.  The  Shaw  Instrument  can  be  used  to  measure  temperatures  in  the  range 
from  7  60°  to  3  600°C. 


(6)  Microwave  Radiometer 


The  microwave  radiometer  is  based  on  an  extension  of  Nyquist's 
theorem  of  thermal  noise  in  resistors  which  also  include  the  resistance  of  an 
antenna.  The  radiation  impedance  of  an  antenna  is  a  function  of  its  surroundings. 

For  instance,  if  an  antenna  is  surrounded  by  a  perfect  conductor,  its  impedance  is 
zero  since  no  pow'er  can  be  transmitted.  If  an  antenna  is  surrounded  by  a  perfect 
absorber  its  radiation  impedance  is  equal  to  that  which  can  be  calculated  for  the 
case  of  the  antenna  in  free  space.  If  the  surrounding  of  the  antenna  is  at  a 
nonuniform  temperature,  the  radiometer  will  measure  an  effective  temperature 
which  will  also  be  function  of  the  antenna  gain.  The  effective  temperature  is 
obtained  froi  i  the  power  delivered  by  the  antenna  when  connected  to  a  matched  load. 


A  block  diagram  of  a  microwave  radiometer  is  shown  in 
Fig.  2-119.  The  device  is  known  as  Dick's  Radiometer  (Ref.  195).  The  radiometer 
is  it  comparison  instrument  which  compares  the  noise  received  by  the  antenna 
with  the  noise  produced  by  the  rotating  absorbing  wheel  which  acts  as  a  resistive 
termination  for  the  waveguide.  The  absorbing  wheel  is  driven  by  a  motor  at  a 
30  cps  rate,  and  is  so  shaped  that  it  produces  a  signal  with  nearly  square  wavs 
modulation.-  The  square  wave  is  symmetrical  such  that  the  waveguide  is  terminated 
half  of  the  time  by  the  resistance  of  the  absorbing  wheel  kept  at  room  temperature, 
and  half  of  the  time  by  the  antenna  resistance.  If  the  noise  received  by  the 
antenna  is  of  tlae  same  magnitude  as  the  noise  of  the  absorbing  wlieel,  no  30  cps 
noise  modulated  signal  is  fed  into  the  receiver.  The  advantage  of  the  method  is 
that  it  is  possible  to  discriminate  between  the  noise  generated  by  the  receiver 
which  is  not  modulated.  With  a  13  db  noise  figure  of  the  receiver  and  a  time 
constant  at  the  output  of  the  second  mi.xer  of  215  seconds,  the  accuracy  of  the 
temperature  measurements  has  been  with  0,  4°K.  Greater  accuracies  have 
been  obtained  with  a  radiometer  at  8000  me  using  traveling  wave  tube  amplifiers 
(Ref.  196).  The  applications  of  radiometer  have  been  primarily  in  radio  astronomy 
to  determine  the  temperature  of  various  planets.  A  microwave  radiometer  could, 
in  principle,  be  used  to  measure  temperature  of  small  objects  which  arc  in  thermal 


The  advantage  of  tire  i^auiorueiei.'  wouRl  be  that  iL  uoes  nul  require 


direct  contact  with  the  object,  and  therefore  could  measure  very  high  temperatures. 
However,  the  beam  width  of  the  antenira  would  have  to  be  very  small  and  hence 
would  require  very  short  microwave  wavelength  and  complex  instrumentation. 


195  Dicke,  R.  H.  ,  ''The  Measurements  of  Thermal  Radiation  at  Microwave 
Frequencies",  Review  of  Scientific  Instruments,  Vol.  17,  July  1946. 

196  Drake,  F.  D.  and  H.  I.  Even,  "A  Broad-Band  Microwave  Source 
Comparison  Radiometer  For  Advanced  Research  in  Radio  Astronomy",  Proc.  of 
IRE,  Vol.  46,  January  1958. 
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(d)  Miscellaneous  Methods 


In  this  section  a  few  miscellaneous  methods  foi-  temperature 
measurements  will  be  discussed. 

Cooled  probes  are  devices  for  measuring  the  temperature  of  gases. 
The  purpose  of  cooling  the  probe  is  to  overcome  the  temperature  limits  of  uncooled 
probes  such  as  thermocouples  and  resistance  thermometers.  The  maximum 
temperature  that  can  be  measured  by  an  uncooled  probe  is  dete  rmined  by  the 
material  of  which  the  probe  is  made.  Cooled  probes,  however,  do  not  come  to  the 
temperature  of  the  gas,  and  can  therefore  be  immersed  in  a  gas  at  a  temperature 
that  would  destroy  an  uncooled  probe.  Two  types  of  cooled  probes  are  the  cooled 
gas  and  pneumatic  pyrometers.  A  cooled  gas  pyrometer  is  describes  in  Ref.  197 
and  a  sketch  shown  in  Fig.  Z-lZO.  This  device  consists  of  a  water  cooled  tube 
through  which  the  gas  whose  temperature  is  being  measured  is  aspirated.  A 
thermocouple  is  placed  near  the  outlet  end  of  the  tube  where  the  gas  has  been 
cooled  well  below  its  inlet  temperature.  The  temperature  of  tlie  entering  gas  is 
calculated  from  the  temperature  of  the  gas  at  the  thermocouple.  A  knowledge  of 
the  variation  with  temperature  of  the  thermal  properties  of  the  gas  (thermal 
conductivity,  specific  heat  and  density)  is  required  up  to  the  temperature  to  be 
measured.  A  cooled  gas  pyrometer  cannot  be  used  in  gases  where  a  chemical 
reaction  is  in  progress.  If  combustion  has  taken  place  it  miist  be  complete  where 
the  probe  is  inserted  or  the  combustion  may  continue  in  the  probe  and,  by  the  heat 
released,  cause  the  indicated  temperature  to  he  in  error.  The  measurement  of 
gas  temperatures  in  excess  of  ZZOO^C  may  be  possible  if  the  thermal  properties 
of  the  gas  are  known  up  to  the  temperature  of  the  gas.  Above  3000^)0,  however, 
the  gas  may  begin  to  dissociate.  A  dissociated  gas  would  start  to  recombine  in 
the  cooled  tube  and  release  heat.  This  would  cause  the  indicated  temperature  to 
be  in  error. 

Pneumatic  probes  are  used  to  measure  gas  temperatures.  They 
consist  of  two  flow  constrictions  connected  in  series  and  separated  by  some  device 
for  reducing  the  temperature  of  the  gas  before  reaching  the  second  constriction. 

The  flow  constrictions  are  either  nozzles  or  orifices,  and  the  gas  is  drawn 
through  them  by  a  vacuum  pump.  Subsonic  flow  of  a  gas  through  any  constriction 
is  determined  by  tire  total  temperature,  total  pressure,  and  static  pressure  of  the 
gas  at  the  constriction.  After  the  gas  passes  through  the  first  constriction,  it  is 
cooled  from  its  inlet  temperature  down  to  a  value  at  whicli  it  can  he  measured 
by  a  thermocouple  at  the  secoiid  flow  constriction.  By  measuring  the.  total 
temperature,  static  and  total  pressures  at  the  second  constriction,  the  mass  flow 


197  Krause,  L.  N.  ,  R.  C.  Johnson  and  G.  E.  Glawe,  A  Cooled  Gas  Pyrometer 

For  Use  In  High  Temperature  Gas  Streams,  NACA  TN  4383 
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Fig,  2-120  Sketch  of  Cooled  Cos  Pyrocnoter 
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of  the  gas  can  be  determined.  The  principle  involved  in  the  operation  of  pneumatic 
and  sonic  flow  probes  is  that  since  the  flow  constrictions  are  connected  in  series 
the  mass  flow  is  the  same  in  each  unless  the  gas  is  cooled  to  such  an  extent 
that  condensation  occurs.  However,  if  condensation  is  avoided  once  the  mass 
flow  is  determined,  all  that  is  required  to  compute  the  temperature  of  the  entering 
gas  is  the  measurement  of  the  total  and  static  pressures  at  the  first  constriction. 
The  temperature  may  then  be  determined. 

Pneumatic  pyrometers  have  been  used  successfully  to  measure  the 
temperature  of  exhaust  gases  from  the  combustion  of  hydrocarbons  up  to  1840°C 
(Ref.  198).  It  has  also  been  \ised  to  measure  temperature  in  rocket  combustion 
chambers  (Ref.  199)  and  as  an  in-flight  instrument  for  measuring  jet  engine 
exliaust  gases  (Ref.  200).  The  dissociation  effects  at  high  gas  temperatures 
complicate  the  determination  of  an  effective  specific  heat  ratio  making  this  method 
of  temperature  measurement  more  difficult. 

Another  method  of  temperature  measurements  is  concerned  with 
microwave  absorption  and  is  based  upon  the  principle  that  increased  microwave 
continuation  in  a  gas,  e.  g.  ,  a  flame,  will  occur  when  thermally  induced  ionizations 
occur.  Furthermore,  the  density  of  free  electrons  and  therefore  the  attenuation 
created  by  this  effect  is  functionally  related  to  the  absolute  temperature  of  the 
gas  (Ref.  201). 


A  system  employing  this  technique  would  consist  of  a  microwave 
transmitter  and  a  receiver.  The  transmitter  may  consist  of  a  1000  cps  modulated 
microwave  X  (3  cm)  or  .K  (1.  25  cm)  band  generator  followed  by  a  high  directivity 
antenna  which  may  consist  of  a  pyramidial  horn  followed  by  a  lens  to  increase 
the  directivity.  The  receiver  may  consist  of  an  antenna  lens  combination  similar 
to  that  of  the  transmitter.  The  received  signal  is  rectified  by  a  square  can  detector 


198  Simmons,  F,  S.  and  G.  E,  Glawe,  Theory  and  Design  of  a  Pneumatic 
Temperature  Probe  and  Experimental  Results  In  A  High  Temperature  Gas  Stream, 
NACA  TN  3893 

199  Trent,  C.  H.  ,  "Investigation  of  Combustion  In  Rocket  Thrust  Chambers", 
Industry  and  Engineering  Chemicals,  Vol.  48,  April  195  6 

200  Havili,  C,  D.  and  L.  S.  Rolls,  A  Sonic- Flow  Orfice  Probe  For  The  In- 
Flight  Measurements  of  Temperature  Profiles  of  a  Jet  Engine  Exhaust  With  .flfter- 
Burning,  NACA  TN  3714 

201  Kuhns,  Determination  of  Flame  Temperature  From  Z000°K  to  3000^K  By 
Microwave  Absorption,  NACA  TN  3254,  1954 
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amplified  by  a  100  cps  amplifier  which  is  followed  by  an  indicator.  The  minimum 
spacing  between  the  antennas  is  to  be  such  as  to  avoid  interaction  between  the  two 
antennas.  The  flame  is  placed  midway  between  the  antennas.  The  teniperatui'O.  of 
the  flame  is  measured  by  comparing  the  output  of  the  receiver  with  and  without 
the  flame  and  relating  tlve  difference  in  the  received  signals  to  the  flame  ten:)pcrature, 

A  number  of  approximations  are  normally  necessary  to  relate  the 
temperature  to  the  equivalent  conductivity  of  the  flame  medium.  And  again 
approximations  arc  necessary  to  determine  the  effect  of  the  finite  size  of  the 
conductive  flame,  such  that  the  accuracy  of  the  temperature  measurement  is 
therefore  limited.  Accuracies  of  160®C  have  been  reported  in  the  temperatunre 
range  16C0  to  21G0°C.  The  upper  limit  of  the  instrument  is  that  torepe  rature  where 
almost  all  the  atoms  are  ioniaed.  The  lower  temperature  limit  depend.s  on  the 
ability  of  the  microwave  receiver  to  detect  small  changes  in  received  signals, 


F'rom  standard  w'orks  cn  acoustics  -ws  have  relationships  which 
provide  a  means  of  determining  the  temperature  of  a  gas  from  sound  velocity 
measurements,  if  other  terms  are  known  or  reasonable  values  can  be  assumed  or 
assigned.  The  methods  of  measuring  the  sonic  velocity  of  a,  high  frequency  wave 
to  determine  gas  temperature  can  be  grouped  into  two  categories.  First  category 
uses  optical  methods  corT>bine  witli  photogra.phy.  In  this  method,  the  wavelength^ 
of  the  soiiud  wax'es  in  the  gas  are  determined  at  a.  know’ n  and  unJenov/n  temperature. 
These  sound  waves  are  generated  by  a  crystal,  driven  by  a  known  frequency 
oscillator.  The  unlcnown  temperature  may  be  calculated  from  the  relation 


Ai 
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The  second  category  consists  of  measuring  the  transit  time  oi  a  transient 
acoustic  signal  across  a  gas  path  of  a  given  length.  Several  other  measurements 
referred  to  in  the  literature  a.s  .sonic  tempo rarure  measurements  use  waves  caused 
by  spark  dischaiges  and  might  better  be  considered  shcck  wave  measurements. 

The  use  of  the  velocity  of  sound  as  a  method  of  metisuring 
temperature  was  ,-:uggesied  by  A,  M.  Jvlayer  .In  187  5  (Ref.  Z02)  and  subsequently 
by  various  investigators  in  the  fiedd.  TJie  followir.g  references  suggest  use  of 
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Mayer,  A,  M.  ,  Philosophical  Magazine  , 
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this  technique  in  various  applications:  (Ref.  203,  204,  205,  206) 


Some  advantages  of  the  sonic  method  are:  It  is  inherently  fast,  so 
rapidly  changing  temperatures  can  be  followed.  The  lag  normally  caused  by  the 
heat  capacity  of  the  thermometer  element  is  absent.  The  measured  temperature 
is  not  dependent  on  the  f)roperties  of  another  material.  The  chief  disadvantage  of 
the  technique  is  that  point  temperatures  are  not  measured,  but  instead  an  average 
temperature  over  the  piath  between  transducers  is  obtained. 

To  measure  high  temperature  with  reasonable  accuracy  using  the 
sonic  method,  consideration  should  be  given  to  these  factors; 

1.  Values  for  the  molecular  weight  and  specific  heat  ratios  of  gases 
will  have  to  be  known  more  accurately. 

2.  The  gap  length  over  which  the  sound  wave  travels  may  increase  due 
to  ablation  of  the  probes. 

3.  Since  the  sound  velocity  increases  vyith  increasing  temperature, 
the  time  needed  for  the  sound  wave  to  travel  the  distance  between  two  probes 
becomes  smaller. 

2-11  VIBRATION  AND  SHOCK  MEASUREMENTS 

Vibration  may  be  defined  as  a  term  relating  oscillatory  motion 
in  a  mechanical  system.  In  the  Glossary  of  Telemetry  Transducer  Terms 
(see  Appendix.  11)  vibration  is  defined  as:  motion  due  to  a  continuous  change  in 
in  the  magnitude  of  a  given  force  which  reverses  its  diiection  with  tinrie.  A^ibralion 


203  Marlow.,  D.  G.  ,  C.  R.  Nisewanger,  and  W.  M.  Cady,  "A  Method  for 
the  Instantaneous  Measurement  of  Velocity  and  Temperature  in  High  Speed  Air 
Flow",  Journ.al  of  Applied  Physics,  Vol.  20,  1949,  p  771. 

204  Barrett,  E.  W.  and  V.  E.  Suomi,  "Preliminary  Report  on  Tempera¬ 
ture  Measurement  by  Sonic  Means",  Journal  of  Meteorology,  Vol.  6  n  4,  August 
1949. 


205  Edels,  H.  and  D.  Whittaker,  "The  Determination  of  Arc  Temperatures 
from  Shock  Velocities",  Proc.  of  Royal  Soc.  (Scries  A).  February- June  1957, 

pp  239-40. 

206  Taylor,  C.  F.  ,  "Development  of  a  Method  for  Measuring  Gas 
Temperatures  in  the  Combustion  Chamber  of  an  Internal  Combustion  Chamber 

of  an  Internal  Combustion  Engine",  MIT,  June  1953  -  July  1954,  ASTIA  AD  41  455. 
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is  generally  interpreted  as  symmetrical  or  non- symmetrical  fluctuations  in  the 
rate  at  wliich  acceleration  is  applied  to  an  object.  And  a  closely  related  term 
"shock"  is  defined  as:  an  abrubt  change  in  applied  energy.  Shock  is  often  considered 
a  transient  function  of  vibration.  Terminology  in  this  area  can  overlap  as  the 
period  or  function  of  time  is  considered.  Oscillatory  motion  for  several  milli¬ 
seconds  may  be  considered  shock. 

Ivleasurement  and  study  of  vibration  and  shock  includes  considerations 
of  displacement,  velocity,  acceleration,  rate  of  change  acceleration  (jerk),  and 
frequencies.  Vibration  may  be  periodic,  sometimes  defined  deterministic  in 
that  the  variation  with  time  is  predictable  from  repeated  past  history;  or  random 
such  that  the  parameters  are  not  predictable  from  any'-  recognized  repeated 
pattern. 


Newton's  laws  of  motion  clearly  relate  the  vibration  parameters, 
acceleration,  displacen'ient  exciting  force  and  mass  involved.  The  fundamer,tals 
of  acceleration  measurements  presented  earlier  deal  with  these  basic  relationship. 
This  cubject  is  treated  in  great  detail  in  many  texts  and  is  the  basis  for  derivations 
of  relatioiiships  in  translational  and  rotational  motions.  Mr.  Ralph  E.  Blake, 

(Ref.  207)  presents  an  excellent  review  of  motion  analysis  fundamentals  iit 
Chapter  2,  "Basic  Vibration  Theory"  in  Volume  I  of  the  Shock  and  Vibration 
Handbook. 


Vibration  measurement  in  practice  becomes  ar.  analysis  of  a  system 
whereby  various  forms  of  the  basic  laws  «.  f  motion  are  duplicated  electrically, 
by  interpreting  the  analogies  and  choosing  the  more  appropriate  measurements 
desired.  Displacement  may  be  measured  and  if  related  to  time  define  ^he  parameters 
of  vabration,  velocity  by  differentiation,  and  double  differentiation  fo,.  acceleration. 
Similar  velocity  or  acceleration  may  constitute  the  basic  measurement  employ¬ 
ing  integration  or  differentation  to  obtain  other  parameters.  Thus  the  measuring 
device  may  be  chosen  for  its  ease  and  ability  to  obtain  accurate  results.  Low 
frequency  vibration  may  increase  the  difficulty  of  velocity  or  acceleration 
measurements  and  measurement  of  displacement  may  offer  the  greater  advantage. 
Usually  at  the  higher  frequezreies  the  excursion  or  displacement  range  becomes 
quite  small  and  therefore  more  difficult  to  measure;  and  furthermore  the  frequency 
response  of  the  displacement  device  may  nor  be  adequate.  Acceleration  of 
velocity  pickups  may  then  be  the  answer  with  integrating  circuits  or  manipulation 
employed  to  arrive  at  the  displacement  parameter.  However,  accele raf Lon, 
velocity  and  displacement  are  only  correlated  easily  when  the  vibration  measure¬ 
ment  is  a  simple  sinusoidal  motion  containing  one  frequency.  The  normal  more 


207  C.  M.  Harris  and  C.  E.  Crede,  Shock  and  Vibration  Handbook,  In 

Three  Volumes,  McGraw-Hill  Book  Co,  ,  Inc. 
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complex  vibratory-  motion  requires  that  data  be  aiialysed  isolating  each,  specific 
frequency  or  employ  more  exotic  rneaaui  ements  and  an.alysis. 

I'he  sirnpieet  vibratory  systevn  shown  in  Pig.  2-121  is  called  a 
single  degree-of-freedom  systein,  since  a  single  rnas.s,  n.i  ,  displaced  in  a 
constrained  directioii  so  that  it;;,  change  of  position  is  fully  described  by  the 
single  quantity  x.  The  deg.i.-ee.s-(jf-. freedom  of  a  system  indicate  the  number  of 
independent  parameters  required  to  define  the  distance  of  all  masse.s  from  their 
reference  positions.  A  sitigle  mass.  ni  ,  constrained  to  m(.>ve  only  in  x  and  y 
direction  would  be  constitute  a  Z  degree -of- freedom  system.  A  continuous  systen'j 
such  as  a  beam,  -whereiu  infinitely  thin  ci'oss-- .sectional  slices  rep?-esents  each 
mass,  is  considered  to  have  an  infinite  number  of  degrees- of-£reedom. 

If  a  ina.ss  is  a  system  is  displaced  from  its  initial  reference,  ihen 
the  force  of  displacement  removed  and  the  mass  is  allowed  to  vdbratv?  free,  without 
external  acting  forces,  it  is  exhibiting  free  vdbration.  Forced  vibration  is  the 
condition  when  a  continuing  force  acts  <>n  the  mass,  o?-  the  foundation  is  undei- 
continual  motion.  The  natural  frequency  i.s  the  free  vibration  frequency  of  a 
system  and  may  be  defined  by 

fn  =  (2-68) 

2  TfV’  W 

U'l'it;  re 

fn  =  natural  frequency 
k  =  spring  constant 
W  -  weight  of  rigid  body 
g  =  acceleration  of  gra-vity 

The  reciprocal  of  the  natural  frequency  is  the  period  or  time  interval  of  cne  cornplett 
cycle  of  sinusiodai  oscillation. 

Damping  is  defined  as  the  dissipation  of  energy  with  trme  or  distance. 
It  is  the  characteristic,  of  the  measuring  device  or  the  vibrational  sy.stem,  to 
resist  continual  or  free  vibration.  In  ct  simple  vibration  measuring  device  the 
dampixig  is  usually  controlled,  or  specified  to  improve  the  performance  of  the  device 
over  a  selected  band  of  frequencies.  The  relationships  of  damping  in  simple 
harmonic  systems  are  well  defined  in.  many  text.  Practical  methods  of  datnping  use 
g?tsv^s,  liquids,  resilient  solids,  m.agnetic  tieids  and  auxiliary  mass  oi  counter- 
\'ibration  subsystems. 
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Figure  2-121  Single  Degree-of-Freedom  System 


FiXFD  REFERENCE 

Figure  2  — 122  Fixed  Reference  Device 
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Vibration  measuring  instruments  are  of  two  general  types,  one  in 
which  the  parameters  are  measured  with  reference  to  a  fixed  point  in  space,  and 
the  other  related  to  the  response  of  a  mass- spring  sustem.  Fig.  2-122  illustrates 
a  siiriple  fixed  reference  device.  Displacement  is  indicated  by  direct  observation 
or  use  of  displacement  transducers  mon-itoring  the  vibrating  part.  The  mass-spring 
type  instrument  is  attached  to  the  vibrating  member  and  the  relative  motion. 
Incorporated  in  the  device  is  a  displacement  transducer  to  generate  a  signal  relative 
to  the  mass  versus  case  motion.  Fig.  2-123  (a.  -  h.  )  illustrate  principles  of  the 
various  t;^'pes  of  mass-spring  type  devices.  They  differ  mainly  by  the  type  of 
displacement  transducing  element.  The  general  types  are:  poteiitiomet.ric,  variable 
inductance,  variable  capacitance,  unbonded  strain  elements,  bonded  strain  gage, 
piezoelectric,  piezoresistive,  light  modulated,  and  electrolytic.  These  type 
elements  have  previously  been  discussed  and  miscellaneous  types  are:  electro¬ 
chemical,  mcchanoelectronic,  optical  interferometer,  vibrating  wire,  tuning 
fork,  gas-discharge,  reflected  wa^'e  interference,  and  servo  accelerometer. 

The  piezcelectroc  type  vibration  transducers  are  very  widely  used. 
They  ai-e  of  the  s>.jlf-generating  type  producing  an  electrical  output  signal  in 
relation  to  the  deforn.atio.i  of  piezoelectric  element.  The  piezoelectric  element 
niv  y  be  made  af  natural  or  synthetic  crystals,  (.era^.jic  mateiials  (barium  tetnate) 
and  some -conductor  materials.  Typos  of  devices  may  be  classified  as  compressive 
cr  bending.  Normally  higher  frequency  response  (natvrai  frequencies  to  100  kc) 
axe  obtainable  when  elements  are  in  compression.. 

In  chapter  16,  Volume  I,  Shock  and  Vibration  .Ha.udbook  ,  (Ref.  208) 

A,  I  Drajxetz  and  A.  W.  OrlaccTio  present  an  electrical  analog  of  the  piezo¬ 
electric  accelerometer.  This  is  useful  in  deriving  force  .ii sj  lacement  and  motion 
relations  and  in  cal  collating  performance  characteristics  of  a  meacuring  system. 

Piezoelectric  transducers  are  usually  small  and  .lightweight  (1  gram 
to  several  ounces).  Larger  units  may  have  gieater  sensitivity  or  lower  frequency 
response  incoipoi'ating  several  elements  in  a  s/stern  arrangement  to  enhance  a 
particular  function.  Packaging  and  mounting  are  varied  to  suit  application.  Prime 
importance,  of  course,  is  the  abilicy  of  the  device  to  respond  to  the  vibrating 
member  being  measured  and  therefore  mounting  a.rrangen.muts  from  studs  to  epoxy 
cemented  areas  make  up  an  appreciable  portion  of  the  p.hysical  design  of  the 
vibration  instrument. 

Electrical  characteristics  of  the  piezoelectric  transducer  are 
concerned  with  output  signal.  The  sensitivity  (output  per  unit  of  measured 
parameter)  may  be  expressed  as  a  voltage  or  charge  sensitivity.  Units  are  usually 


millivolts  per  g  or  coulombs  per  g,  where  acceleration  and  time  relate  \ibrational 
information.  Typical  sensitivity  values  range  from  5  to  125  mv/g  with  load  of 
20  k  to  several  100  megohms  (some  require  electrometer  type  amplifiers).  The 
output  impedance  may  indicate  the  low  frequency  characteristics  of  the  device. 

The  resistance  and  shunt  capacitance  of  the  transducer  and  the  input  resistance  of 
the  signal  conditioner  result  in  a  time  constant  limiting  the  low  frequency  response. 
High  input  impedance  amplifiers  are  usually  necessary  and  with  the  great 
advancement  in  solid  state  microminiaturization  many  vibration  pickups  include 
output  amplifiers.  The  high  frequency  response  depends  primarily  on  the  natural 
frequency  and  the  damping  employed.  Commercially  available  transducers  employ 
damping  ratios  such  that  vibrational  frequencies  of  .  2  to  .  7  of  the  natural  frequency 
may  be  followed  with  5%  or  less  variation  in  sensitivity.  A  virtually  undamped 
system  may  operate  at  frequencies  up  to  about  .  2  the  natural  frequency  with 
approximately  5%  variation  in  sensitivity  (Ref.  209).  Transverse  sensitivity  is  the 
characteristic  of  the  device  to  generate  an  output  signal  when  acted  on  by  force  or 
acceleration  in  a  plane  other  than  the  plane  of  motion  being  measured.  This 
chara.cteristic  is  normally  specified  in  percent  of  maximum  sensitivity.  Typical 
values  for  transverse  sensitivity  are  1%  to  10%. 

The  piezoelectric  transducer  normally  has  a  wide  acceleration  range 
of  operation.  Typical  units  may  operate  from  0.  02  g  to  1000  g.  Upper  limits  are 
usually  determined  by  calibration  unless  maximum  g  value  is  dependent  upon 
known  physical  limitations  of  case  or  mounting  fixture. 

Temperature  effects  on  piezoelectric  transducers  are  largely  dependent 
on  the  piezoelectric  element  and  of  course,  the  packaging  for  any  beneficial 
cooling  at  the  elevated  temperatures.  Instruments  are  available  for  vibration 
measurements  at  ambient  temperatures  from  -300’^F  to  over  500°F  maintaining 
±6%  sensitivity  variations.  The  charge  sensitivity  and  capacitance  of  piezoelectric 
element  materials  are  temperature  dependent.  Thus  voltage  sensitivity  and 
frequency  response  can  be  related  to  temperature  changes  for  the  various  materials. 
In  particular  cases  the  damping  characteristic  may  be  temperature  dependent  at 
extended  temperature  ranges. 

High  intensity  sound  environments  may  effect  the  characteristics  of 
piezoelectric  vibration  transducers.  Peak  outputs  will  result  at  the  resonant 
frequency  of  the  seismic  system.  Damping  will  lower  this  output.  One  type, 
vibration  picktip  produced  a  signal  equal  to  10  g  acceleration  in  presence  of  170  db 
acoustic  noise  and  approximately  a  1  g  signal  at  150  db  noise  and  a  0.1  g  signal  at 
130  db  noise. 


209  Same  as  Reference  207 
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The  electrochemical  types  include  the  electrolytic  potentiometers 
and  other  devices  using  electrolytic  cell*  where  ions  in  the  solution  carry  the 
electric  charge.  They  require  low  power  and  have  essentially  no  moving  parts. 
Disadvantages  of  some  types  include  temperature  sensitivity,  frequency  limit 
atoms,  and  possivility  of  contamination  of  cells.  Solion  (Ref.  210  and  211)  transducer 
produce  a  signal  as  shock  or  vibration  induces  movement  of  the  electrolyte,  which 
disturbs  an  ion  concentration,  established  by  an  external  voltage  source,  around 
the  electrodes  of  the  cell.  This  causes  a  change  in  current  flow  in  the  external 
circuit,  Solion  transducers  are  low  frequency  devices  (0  to  200  cps)  and  temper  ture 
dependent  operating  in  the  range  +28°F  to  +90°F.  Temperature  compensation  is 
usually  employed. 

The  porous  disc  transducer  (Ref.  212  and  213)  is  another  electro¬ 
chemical  type  based  on  an  ele ctrokinctic  phenomenon  that  occurs  when  a  polar 
liquid  is  forced  through  a  porous  disc.  When  the  liquid  flows  through  the  pores, 
a  "streaming”  voltage  potential  is  generated  across  the  disc,  in  phase  with  and 
proportional  to  the  differential  pressure  across  the  faces  of  the  disc.  The 
electro-osmotic  cell  uses  this  principle.  Polar  liquids  used  are  water,  methanol, 
and  acetonitride.  The  frequency  response  of  devices  of  this  type  may  be  flat 
within  ^3  db  from  3  cps  to  60,000  cps  (Ref.  214).  Sensitivities  depend  on  cell 
liquids  and  column  length,  ranging  from  a  few  mv/g  to  500  mv/g.  The  operating 
temperature  range  is  determined  by  the  boiling  and  freezing  points  of  the  polar 
liquid.  High  impeda,nce  loads  may  not  require  temperature  com.psnsation,  but 
for  load,  impedances  comparable  to  the  cell  impedance  external  circuit  compensation 
is  required,  The  operating  characteristics  of  this  type  transducer  may  be  made 
to  vary  over  extremely  wide  range  by  selection  of  working  fluids. 


210  Hurd,  R.  M.  ,  R,  N.  Land  and  H.  B,  Reed,  "Solion-principle s  of 
Electrochemistry  and  Low  Power  Electrochemical  Devices”,  U.  S.  Naval  Ordnance 
Laboratory,  1957 

211  "Solion  For  Industry”,  Electronic  Products  Engineering  Bulletin,  National 
Carbon  Co.  ,  1957 

212  Hardway,  Jr.  ,  E.  V.  ,  Instruments,  1953 

213  "Electro  Kinetic  Measurement  of  Dynamic  Pressures”,  CEC  Recordings, 
November,  December  1956 

214  Bulletins  1600  and  16002,  Consolidated  Electrodynamics  Corp. 
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The  mercury-electrolyte  transducer  is  still  another  electrochemical 
type.  Fig.  2-124  shows  a  basic  type  whereby  alternate  slugs  of  mercury  and 
electrolyte  solution,  such  as  potassium  iodide  or  sodium  chloride  are  contained  in 
a  capillary  tube.  A  voltage  is  generated  betv/een  the  electrodes  when  the  tube  is 
shaken,  causing  relative  motion  between  the  capillary  and  mercury-electrolyte 
system.  This  phenomenon  is  called  the  Latour  effect  (Ref.  215)  or  V- effect  H 
(Ref.  216).  The  output  voltage  is  a  function  of  the  number  and  length  of  slugs, 
vibration  amplitude  and  frequency.  These  devices  have  high  sensitivity  combined 
with  high  power  output,  may  be  self-generating,  low  internal  impedance,  and  can 
be  quite  small  cind  light  weight.  Disadvantages  include  temperature  sensitivity 
and  sensitivity  to  shock  damage. 

The  mechanoelectronic  type  transducers  employ  the  application  of 
an  electron  tube  with  variable  relative  spacing  of  its  elements,  such  that  a  change 
of  current  or  voltage  is  indicated  at  the  output  proportional  to  relative  movement 
of  elements.  Very  srrjall  displacement  can  be  sensed,  the  moving  elements  can 
be  quite  small,  frequency  response  can  be  high  and  the  many  applications  of  electron 
tubes  and  associated  circuits  may  be  employed  in  more  complex  transducers. 

There  are  problems  of  drift  and  zero- shift  which  must  be  compensated  and  the 
difficulty  to  fabricate  vaccum  sealed  shell  through  which  displacement  or  vibration 
must  be  transferred.  Acceleration,  vibration,  displacement  and  pressure 
sensing  transducers  of  this  type  have  been  developed.  (Ref.  217,  218,  219) 

Optical  electronic  transducer  types  include  many  types,  but 
essentially  measure  displacement  without  requiring  contact  with  moving  element, 
sensing  the  reflection  or  transmission  of  light  controlled  or  modulated  by  the 
moving  element  being  measured.  The  Optron  Corporation  (Ref.  220)  has  a  system 


215  Fain,  W,  W.  ,  S.  L,  Brown  and  A.  E.  Lockenvitz,  Journal  of  Acoustical 
Society  of  America,  1957 

216  Podalsky,  B.  G.  Kuschevics,  and  J.  L.  Revers,  Journal  of  Applied 
Physics,  1957 

217  Olson,  H.  F.  ,  Journal  of  Acoustical  Society  of  America,  1947 

Z18  RCA  Tube  Manual,  Radio  Corporation  of  America 

219  Ramberg,  W,  ,  Electrical  Engineering,  1947 

220  "Optron,  Displacement  Follower",  Optron  Corp. 
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TERMINAL 


DISPLACEMENT 

Figure  2-124  Mercury  -  Electrolyse  Vibration  Transducer 
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for  vibration  measurements  that  uses  a  controlled  spot  from  a  special  purpose 
cathode  ray  tube  focused  through  a  lens  system  onto  a  reflected  area  of  a 
vibrating  member  to  be  measured.  A  photocell  is  placed  to  receive  the  reflected 
light  and  the  photocell  output  drives  a  servo  amplifier  which  controls  the  bias 
to  the  cathode  ray  tube.  The  control  loop  is  adjusted  so  that  when  no  light  is 
reflected  the  cathode  ray  tube  spot  is  directed  downward  and  when  reflected  light 
is  received  it  is  directed  upward.  Thus,  the  spot  is  held  on  the  edge  of  the 
reflected  area.  When  the  member  is  displaced  or  vibrated  the  edge  of  the  reflected 
area  of  course  follows  follows  and  the  projected  spot  wil'J  track  the  displacement. 

The  electrical  signal  driving  the  spot  is  proportional  to  the  displacement.  Full 
scale  displacement  ranges  of  0.  001  inch  to  10  inches  are  available  with  frequency 
response  to  10,000  cps.  Accuracies  of  0.1%  are  attainable. 

Another  type  optical  electronic  transducer  used  in  vibration 
measurement  is  the  optical  interferometer.  (Ref.  221  and  222)  A  beam  of  light 
from  a  monochromatic  source  is  directed  onto  a  half  silvered  mirror  which 
reflects  part  of  tiie  beam  along  one  path  and  transmit  part  along  another  path. 

These  beams  are  reflected  by  optically  flat  mirrors  to  recombine  in  a  \’iewing 
telescope.  One  of  the  optical  fait  mirrors  is  fixed  and  the  other  permitted  to 
move  along  the  axis  of  the  light  beam,  its  movement  actuated  by  vibrating  member 
to  be  measured.  If  the  effective  length  of  both  light  paths  are  equal  the  recombined 
images  will  result  in  a  light  beam  of  the  same  intensity  as  the  original  beam.  If 
however  the  movable  mirror  is  displaced  such  that  the  effective  light  path  from 
one  mirror  is  a  half  wave  length  longer  than  that  from  the  other  mirror,  the  re¬ 
combined  image  will  produce  a  dark  field.  Displacements  as  low  as  4  microinches 
can  be  detected  using  a  monochromatic  light  source  of  5,  641  angstroms  (mercury- 
vapor  light  with  filter).  The  interferometer  is  used  for  calibration  of  vibration 
measurenaents  in  the  30  to  20,000  cps  range. 

The  vibrating -wire  transducer  consists  of  a  taut  wire  supported 
between  two  knife  edges,  an  oscilla.tor  driver  and  a  detector.  The  natural  frequency 
of  the  wire  varies  with  length  and  tension.  The  motion  being  measured  is  coupled 
to  One  suDUOrt  causinv  the  tension  of  the  wire,  to  varv  in  re.Tltinn  to  the  rnoTimi.  The 

y  - - - -  - 

oscillator  driver  is  adjusted  to  operate  at  the  natural  frequency  of  the  taut  wire 
indicated  by  a  maximum  output  of  detector.  Detector  output  is  amplified  and  fed 
back  to  control  the  frequency  of  the  oscillator  driver  so  that  as  the  tension  changes, 
the  oscillator  driver  changes  frequency  to  niciintain  operation  at  the  wires  resonant 
frequency.  The  output  of  the  control  circuit  or  a  detected  change  in  frequency 


221  Hunton,  R.  D.  ,  A.  Weis  and  W.  Smith,  Journal  of  Optical  Society  of 
America,  1954 

222  Edelman,  S.  ,  E.  Jones  and  E.  R.  Smith,  Journal  of  Acoustical  Society  of 
America,  1955 
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may  be  used  as  the  signal  output  denoting  rneasrued  motion.  Displacement, 
vibration,  pressure,  strain  and  torque  type  devices  have  been  developed  using 
this  principle.  (Ref.  ZZ3,  ZZ4) 

If  a  gas  discharge  type  tube  containing  two  electrodes  is  placed 
in  a  radio  frequency  electric  field,  a  dc  voltage  will  be  developed  between  the 
electrodes,  when  the  electrodes  are  not  syminetrica? ly  located  in  the  field.  Sensitiv¬ 
ities  as  high  as  0.  05  volts/ rnicroinch  have  been  attained  with  dc  outputs  as  high 
as  60  volts. 


Reflected  wave  type  vibration  measurement  systems  consist  of 
a  transmitter  and  receiver  or  special  sensing  device.  In  one  type  a  microv/ave 
frequen'ry  is  transmitted  along  a  wave  guide,  with  open  and  toward  the  vibrating 
surface  being  measured.  By  tuning  the  wave  guide  and  adjusting  the  frequency,  a 
standing  wave  pattern  can  be  established  that  is  very  sensitive  to  the  portion  of  the 
reflecting  surface  being  vibrated.  The  demodulated  output  of  the  VSWR  indicator 
is  proportional  to  the  motion  of  the  surface  being  measured.  Displacements 
less  than  1  microinch  and  at  frequencies  to  1000,  000  cps  have  measured  using  this 
type  technique.  (Ref.  ZZ5) 

A  transmitted  microwave  beamed  toward  a  vibrating  surface  will 
reflect  a  wave  phase- shift  modulated  in  proportion  to  the  vibration  amplitude 
and  frequency  of  the  reflected  surface.  At  frequencies  around  1  cm  wavelength, 
maximum  displacement  range  of  1  wavelength  with  1%  accuracy  and  resolution  to 
0,1  microinch  has  been  measured.  (Ref.  ZZ6) 

Power  from  ultrasonic  transponders  reflected  by  a  vibrating  surface 
has  been  measured  and  the  amount  and  phase  related  to  the  vibrating  motion.  The 
Doppler- frequency  shift  in  an  ultrasonic  carrier  reflected  from  a  vibrating 
surface  from  the  transmitter/ receiver,  but  only  on  the  velocity  of  the  motion  of 
the  reflecting  surface.  (Ref.  ZZ7  A) 


ZZ3  "Remote  Measurement  and  Control  With  Vibrating  V/ire  Instrument", 

Electronics,  June  1945. 

224  Allen,  W,  H.  ,  U.  S.  Pat.  2,725,492;  Reviewed  in  Journal  of  Acoustical 
Society  of  America,  1956. 

225  Cohn,  G.  I.,  and  B.  Ebstein,  "A  Microwave  Non- Contacting  Tracing 
Technique  For  Automatic  Contour- Following  Machines",  Proc.  of  National 
Electronics  Conference,  Vol,  12,  1956. 

226  Steward,  Chandler,  '■'Proposed  Massless  Remote  Vibration  Pickup", 
Journal  of  Acoustical  Society  of  America,  1958. 

227  A  Hardy,  H.  C.  ,  H.  H.  Hall,  D.  B.  Callaway,  and  D.  J.  Schorer,  Journal 
of  Acoustical  Society  of  America,  1955. 
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Servo  type  transducer  systems  are  a  type  normally  associated  with 
lower  frequencies  (below  100  cps)  but  may  be  made  very  sensitive,  accurate  and 
stable.  Characteristics  of  transducing  element  are  electronically  controlled  or 
modified  by  servo  loop  control  and  although  this  type  usually  infers  a  more  complex 
measurement  system,  it  offers  a  point  or  connection  to  obtain  signal  indication 
and  develop  a  control  signal.  The  control  signal  is  usually  of  the  error  type 
where  the  measured  value  is  compared  with  a  pre-planned,  standard  or  programmed 
signal  and  further  used  in  the  loop  to  compensate  and  improve  the  measuring 
system. 

2-12  MEASUREMldNT  OF  THRUST  (Ref.  227  B) 

Precise  knowledge  and  control  of  tlirust  levels  is  of  prime  concern 
is  missile  and  space  probe  systems.  Accurate  and  independent  measurements 
of  thrust  and  acceleration  provide  data  for  precise  space  maneuvers  as  well  as 
flight  performance  monitoring. 

There  are  two  general  categories  of  in-flight  thrust  measurements. 
These  are  direct,  where  use  is  made  of  vehicle  motion  or  where  actual  forces  are 
measured;  and  parametric,  in  which  motor  parameters  are  measured  and  used 
in  thrust  calculations. 

a.  The  in-flight  thrust  of  a  vehicle  may  be  determined  by  measuring 

the  characteristics  of  its  motion  as  devined  by  the  terms  on  the  right  hand  side  of 
the  following  dynamic  equation: 

n 

T  -  M  (?-g)  -  Fi  (2-69) 


where 


T  =  the  vehicle  thrust  vector  to  be  determined 
M  =  the  total  instantaneous  mass  of  the  vehicle 
"r  =  the  total  inertial  acceleration  vector  of  the  vehicle 
'g  =  local  gravitational  acceleration  vector 

=  the  i  external  force  vector  acting  on  the  vehicle 
(•)  -  designation  of  differentiation  with  respect  to  time 
^  =  designation  of  the  summation  from  i=l  to  i=n  (a  number) 


Major  emphasis  is  given  to  various  methods  for  measuring  the  vehicle 

acceleration  ?. 


227  B  Martin,  T.,  Scharres,  E.  H.  ,  Sperry,  W.  and  Zimmerman,  h 
"Thrust  Measuring  Techniques,"  WADD  TR60-488,  Armour  Research 
Foundation  of  Illinois  Institute  of  Technology,  July  I960.  AD253148 
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1. 


Accelerometer  Technique 


This  technique  makes  use  of  accelerometers  mounted  on  a 
gyro  stabilized  platform  to  obtain  vehicle  acceleration  conditions  relative  to  a 
non- rotating,  space  oriented,  coordinate  frame  of  reference.  In  general,  three 
accelerometers  will  be  needed  and  must  be  mounted  such  that  the  output  of  each 
corresponds  to  the  acceleration  components  along  each  of  the  three  platform 
oriented  coordinate  axes.  Combining  this  information  with  that  obtained  from 
the  external  force  sensors  and  a  mass  flow  meters,  a  computer  can  be  mechanized 
to  solve  for  both  the  magnitude  and  direction  of  the  vehicle  thrust.  See  Appendix 
for  further  details  of  this  technique  and  a  discussion  of  signigicant  exterital  forces 
effecting  thrust  calculations. 

Advantages  in  this  thrust  determination  technique  are:  no 
special  measurement  of  gravitational  acceleration  is  required,  it  makes  use 
of  a  number  of  components  that  are  already  included  in  the  guidance  system  of 
vehicles  chat  most  likely  would  require  an  accurate  knowledge  of  the  thrust,  and 
it  is  a  passive  technique  requiring  no  external  reference  information.  It  may 
be  necessary,  however,  to  make  either  continuous  or  periodic  celestial  fixes 
to  gyro  drifting,  thereby  tempering  the  latter  advantage  somewhat. 

The  disadva,ntages  in  the  system  are  (1)  the  problem 
involved  in  adequately  determining  the  acrodynaxiiic  forces  acting  on  the  vehicle 
and  (2)  the  problem  of  designing  special  mass  flow  meters  for  the  various  types 
of  propulsion  unit  configurations. 

Other  methods  employdrig  vehicle  acceleration  concern 
acceleration  measurement  using  external  references.  For  such  measurements 
to  be  useful  in  determining  vehicle  thrust,  it  is  essential  that  they  provide 
information  that  is  compatible  to  the  reference  frame  in  which  the  thrust  equation 
is  valid.  A  gyro  stabilized  pla.tform  aboard  the  space  vehicle  is  normally  be 
used  and  by  preset  orientation,  a  coordinate  system  is  established,  referenced 
to  the  earth  or  a  similar  planet  near  the  flight  path.  In  remote  regions  of  flight 
it  may  become  necessary  to  establish  one's  own  external  refex’ence.  An  example 
of  this  would  be  the  release  of  an  object  from  the  vehicle  at  some  time,  prior 
to  an  anticipated  thrust  maneuver,  and  the  continuous  tracking  of  its  motion 
relative  to  the  vehicle,  using  suitable  tracking  devices  aboard  the  vehicle. 

2,  Combint^d  Accelerometer  -  Force  Transducer 

The  object  of  this  technique  is  to  conibine  the  best  properties 
in  each  approach  to  eliminate  some  of  the  troublesome  variables  wliich  are 
present  when  considering  an  individual  method  The  varJables  of  drag,  when 


WADD  TR  61-67 
VOL  I  REV  1 


249 


operating  within  an  atmosphere,  and  changing  mass,  due  to  the  discharge  of  fuel, 
complicate  thrust  calculations  considerably.  Values  for  drag  can  be  determined 
through  many  additional  measurements,  air  density,  single  of  attack,  velocity, 
frontal  area,  drag  coefficient,  etc.  ,  with  many  inter-relations.  Careful  examination 
of  the  particular  application  should  allow  approximation  of  drag  with  a  minimum 
of  measurements,  realizing  that  a  certain  sacrifice  in  accuracy  results.  However, 
the  usual  case  in  further  analysis  makes  very  clear  and  need  for  thrust  measurements 
independent  of  drag  or  in  which  drag  is  felt  directly  eliminating  the  need  for 
separate  determination. 

The  changing  mass  problem  oi  difficulty  in  measurement  of 
instantaneous  mass,  forces  one  to  keep  track  of  the  departure  of  each  portion 
of  mass  from  the  vehicle.  The  many  variables  involved  in  such  an  attempt,  with 
instruments,  now  available  or  in  development,  in-licate  undersirable  or  impractical 
inaccuracies. 


The  combined  acceleromelt  r- force  transducer  technique  is 
independent  of  drag  and  changing  mass.  It  will  w^^rk  equally  well  within  and 
without  the  atmosphere  and  is  unaffected  by  varying  gravitational  fields.  It 
depends  only  on  precise  measurement  of  accelerition  (possible  with  the  present 
state-of-the-art)  and  precise  measurement  Oi  th'  force  between  the  motor  and  the 
vehicle.  It  is  especially  well  suited  to  liquid  prcpellant  engines;  however,  it  is 
applicable  to  any  motor.  An  additional  feature  of  the  system  is  that  it  will  measure 
thrust  direction  as  well  as  magnitude  whether  directional  changes  are  obtained  from 
vectoring  systems  or  gymballed  nozzles  or  whole  motors. 

An  interesting  application  example  based  on  data  from  V-2 
rocket  system  is  discussed  in  the  Appendix,  Also  thrust  equations  for  liquid 
propellant  and  solid  propellant  systems  are  presented. 

In  brief,  the  mass  of  the  vehicle  is  separated  into  mass  M. 
of  the  rocket  motor  and  its  contained  fuel,  which  is  assumed  constant  during  powered 
flight  phase,  and  mass  M2,  consisting  of  the  remairung  portion  of  the  vehicle 
foavload.  fuel,  instrumentation-  etc. ).  -See  Figs.  2-125  and  2-126.  The  rocket 
motor  thrust  accelerates  both  masses  equally  and  a  proportional  amount  is 
transmitted  from  the  motor  through  the  mounting  brackets  to  propel  M^.  A  force 
transducer  measures  the  compression  load  for  force  (P)  in  the  mounting  brackets 
and  thus; 

T  =  Mj  a  +  P  (^-70) 

Then  in  atmosphere  the  toted  drag  force  acting  on  the  vehicle  is  assumed  to  act 
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Fig.  2-126  Simplified  One-Dimensional  Example 
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Fig.  2-127 


One-Dimensional  Example  with  Drag  Force  D 


Fig.  2-128  Force  Transducer-Accelerometer  Technique  Applied  to 
Solid  Propellant  Rocket  Motor 
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Fig.  2-129  Diagram  of  Rocket  Engine  and  Thrust  Cradle 
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Fig.  2-130  Mechanical  Arrangement  of  Force  Sensors 
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only  on  M  and  again  the  thrust  determination  is  independent  of  drag  measurement. 

If  the  loaa  or  force  (P)  and  the  acceleration  (a)  are  sensed  continuously  by 
appropriate  instrumentation,  it  is  then  possible  to  calculate  thrust  (T)  knowing 
only  mass  of  motor 

In  solid  propellant  systems  wlu  re  fuel  is  part  of  the  motor, 
mass  Ml  maybe  interpreted  as  the  mass  of  the  nozzle  and  the  force  measuring 
transducer  placed  such  that  force  (P)  is  actually  that  force  produced  in  the  nozzle 
acting  on  mass  M2,  in  this  case,  the  reminder  of  the  rocket  motor,  solid  propellent 
fuel  and  payload.  (See  Fig.  2-128)  A  careful  analysis  of  the  production  of  thrust 
in  the  nozzle  is  necessary  to  insure  measurement  of  valid  force  (P)  for  use  in  thrust 
calculations.  See  Appendix  for  further  details. 

3,  Direct  Method  -  Force  Measurements 

The  bonded  resistance  strain  gage  has  had  wide-spread  use  for 
thrust  component  measurement  in  static  test  stands  for  engines  and  vehicles.  A 
number  of  these  force  sensors  can  be  integrated  both  mechanically  and  electrically 
into  complete  thrust  measuring  systems.  A  number  of  such  systetns  monitor  the 
forces  produced  at  the  attachments  of  the  motor  to  the  vehicle.  Fig.  2-129  shows 
diagram  of  rocket  engine  and  thrust  cradle.  The  accompanying  Fig.  2-130  indicates 
mechanical  arrangement  of  force  sensors  and  force  vectors  measured.  Block 
diagram  in  Fig.  2-131  indicates  computer  logic  yielding  direct  thrust  measurement. 

These  systems  are  sensitive  to  acceleration  forces  in  the 
directions  of  thrust  components  as  well  as  in  the  pitch,  yaw,  and  roll  axes.  The 
motor  and  its  suspension  is,  in  a  sense,  a  large  triaxial  accelerometer  and  hence 
will  sense  the  acceleration  forces  on  the  vehicle. 

Accelerometers  could  be  used  to  sense  tliese  accelerations 
and  these  signals  used  to  cancel  out  the  undesirable  forces  in  the  system.  To 
accomplish  this  cancellation  dynamically  it  is  necessary  to  match  very  closely  the 
dynamic  characteristics  of  the  motor  suspension  system  so  that  the  compensation 
is  effective  at  all  times. 

A  method  of  accomplishing  the  compensation  which  is  related  to 
the  method  of  using  accelerometci  s  is  to  construct  a  dynamically  similar  model 
of  the  rocket  motor  and  its  suspension.  This  model  is  then  placed  in  the  vehicle 
and  is  subjected  directly  to  all  of  the  forces  except  the  thrust.  Thus,  measurements 
can  be  made  on  the  model  to  compensate  for  the  components  of  thrust  wliich  are 
sensitive  to  the  inertial  and  gravitational  forces. 
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b.  Determination  of  Thrust  Py  Parametric  Methods 

1.  One  of  the  general  methods  aA'^ailable  for  thrust  determination 
incorporated  the  use  of  engine  param'‘h,'rs.  If  a  satisfactory  means  can  be  found 
for  measuring  the  various  parameters  which  can  be  used  to  determine  thrust, 
some  important  advantages  may  be  gained.  Namely,  many  of  the  available 
parameters  are  independent  of  the  environment,  or  the  effects  of  tlie  environment 
are  felt  directly  in  the  measurement  making  separate  measurement  of  individual 
environment  properties  unnecessary.  This  can  be  a  decided  advantage  when 
operation  both  within  and  without  the  sensible  atmosphere  is  anticipated.  Addition¬ 
ally,  some  monitoring  of  engine  parameters  will  no  doubt  be  necessary  for  such 
things  as  safety  and  determination  of  fuel  used  to  ar  rive  at  instantaneous  vehicle 
weight.  Output  from  these  measurements  can  be  used  to  arrive  at  rocket  thrust, 
obviating  the  need  for  a  separate  measuring  system. 

Among  the  many  engine  parameters  which  are  available, 
the  following  appear  to  offer  the  greatest  potential  for  thrust  determinations: 

Fuel  flow  rate  (m) 

Specific  impulse  of  the  propellant  (Igp) 

Exhaust  velocity  of  the  discharge  gas  (V^,) 

Rocket  motor  chamber  pressure  (Pc) 

Characteristic  nozzle  dimensions  (A^  and  Ag) 

Chamber  temperature  (T^) 

The  preceding  list  contains  the  basic  engine  parameters  which 
can  be  used  to  determine  the  thrust  of  the  rocket.  There  .are  a  number  of  other 
parameters  available  such  as  temperature  at  the  throat  or  exit  of  the  nozzle, 
pressure  in  the  same  locations  and  chemical  and  physical  properties  of  the  pro¬ 
pellant.  Through  suitable  relationships  the  latter  can  be  us.d  to  determine  the 
basic  parameters  which,  in  turn,  can  be  used  to  determine  thrust.  These 
parameters  appear  to  be  more  important  for  thrust  determination  schemes  since 
they  are  generally  less  extreme  and  more  amenable  to  measurement.  However, 
there  is  a  greater  possibility  that  some  of  these  parameters  will  introduce  larger 
errors  in  the  thrust  determination  because  of  less  sensitivity  to  perturbations. 

The  many  forms  of  the  thrust  equation  must  be  analyzed  for 
the  particular  application  to  determine  if  it  is  practical  to  measure,  to  the 
required  accuracy,  the  determining  parameters.  For  example  the  simplest  form 
of  thrust  equation  may  be: 

T  =  m  Isp  (2-71) 
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whe  re 


m  =  weight  flow  rate  lb/ sec 

Isp  =  specific  impulse  of  the  propellant 

To  determine  thrust  from  this  equation  it  is  only  necessary  to  measure  two  para¬ 
meters.  and  if  it  can  be  assumed  that  Isp  is  a  relatively  predictable  term  for 
varying  altitudes  for  a  given  propellant  and  nozzle  coirfigu ration  then  only  mass 
flow  rate  ih  must  be  measured.  This  is  a  very  important  parameter  in  rocket 
systems  instrumentation  and  the  degrees  of  accuracy  and  ease  of  measurement 
varies  greatly  with  specific  vehicles  and  application  of  vehicles.  In  liquid  fuel 
types  the  easiest  approach  may  be  measurement  of  a  volumetric  flow  rate  of 
fuel  and  oxidizer  before  entrance  into  the  combustion  chamber  using  standard 
flowmeter  in  the  propellant  feed  lines.  Temperature  compensation  is  necessary 
in  the  mass  flow  rate  calculation  and  inaccuracies  are  likely  due  to  temperature 
transients  and  lag  in  sensing.  Probably  the  best  accuracy  to  be  expected  in 
mass  flow  rate  measurement  using  flowmeters  is  2  to  5%. 

There  arc  many  schemes  for  measuring  mass  flow  rate, 
such  as:  tracer  introduction  and  detection;  use  of  thermodynamic  relations  using 
known  cross-sectional  areas,  thermodynamic  coefficients,  pressures  and  temper¬ 
atures;  measurement  of  surface  burning  rate  of  solid  propellent;  or  depletion 
rate  of  fuel.  There  are  advantages,  disadvantages  and  degrees  of  inaccuracy 
associated  with  each.  By-products  of  the  many  other  normal  and  special 
measurements  made  in  a  system  may  be  correlated  to  improve  or  compensate 
inaccuracies. 


The  term  Isp,  specific  impulse,  in  our  simple  thrust  equation 
is  the  impulse,  or  pound- seconds  available  from  the  combustion  of  one  pound 
of  propellant  in  a  rocket  motor.  Although  theoretical  determination  is  readily 
available  using  known  equations,  its  value  is  limited  in  that  in  practical  systems 
the  theoretical  maximum  is  never  achieved.  Analysis  of  Isp  in  practice  reveals 
other  relations  in  the  determination  of  Isp  using  measurements  of  back  pressure 
into  which  nozzle  is  exhausting,  true  an  exit  area  of  nozzle  (not  always  constant 
as  for  mechanical  exit  area),  and  e::haust  velocity  of  gas  at  nozzle,  exit. 

Other  forms  of  the  thrust  equation  which  suggest  use  of 
other  parameters  are; 


T  =  ^rn  Ve  +  (Pe  -  Pa)  Ae 


(2-72) 
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T 

=  thrust 

hi 

=  mass  rate  of  discharge 

Ve 

=  true  ■velocity  of  the  exhaust  at  exit 

Pe 

=  pressure  of  exhaust  at  exit 

Pa 

=  external  pressure 

=  factor  correcting  for  divergence  of  the 
the  exit. 

nozzle  at 

T  =  Dd  At  Pc  Isp 

(2-73) 

Dc 

=  discharge  coefficient 

At 

=  area  of  nozzle  throat 

Pc 

=  chamber  pressure 

Isp 

=  specific  impulse 

T  =  Pc  Isp  g 

C>:' 

(2-74) 

is  substituted  for  Cd 

g 

=  gravitational  constant 

=  characteristic  exhaust  velocity 

T  =  Cf  At  Pc  (2-75) 


Cf  is  called  the  thrust  coefficient 


Cf 


+  F*?  -  P3  . 

Pj  ‘  At 
(2-76) 
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using  iiucl  pressure  and  area  and  exhaust  pressure  and  area.  This  thermo¬ 
dynamic  determination  is  based  oti  a  number  of  .simplifying  and  error-introducing 
assumptions  and  Cf  can  more  si.u;cessf'jlly  be  doternr  nod  on  the  thrust  test  stand, 
since  it  is  a  characteristic  of  a  given  nozzle. 

2.  Lidircct  Parameter  Measurement 

There  are  many  phenomen i  associated  with  rocket  motor 
performance,  that  may  be  utilized  in  determining  thrust  measurements.  Much 
investigation  is  going  on  to  determine  practical  relations  and  useful  measurement 
technique  based  on  optical,  infrared,  and  ultraviolet  radiation  and  electromagnetic 
attenuation. 


Fig.  2-132  and  2-133  show  block  diagram  and  relationship  of 
possible  use  of  electromagnetic  attenuation  techniqu'-.  The  tran.smitter  and 
receiver  may  be  mounted  near  the  rockets  exhaust  directing  their  antennas 
rearward.  Adjustable  reflectors  are  pro\aded  to  direct  transmittal  signal  through 
the  exhaust  plume  and  back  to  the  receiver. 

The  field  of  magnotohydrodynaniics  suggests  another  technique 
involving  the  interaction  of  a  moving  conductive  gas  (the  rocket  e>:haust)  and  an 
applied  magnetic  field,  inducing  an  emf  proportional  to  the  gas  velocity  and  the 
magnetic  flux.  (Ref.  228) 


Analysis  oi  shock  waves  in  rocket  exhaust  yield  tlirust 
direction  iirformation  and  use  of  an  optical  sensor  might  provide  a  practical 
parameter  measurement, 

.Study  of  visible  flame  of  the  rocket  exhaust  yields  many 
relations  concerning  nozzle  geometry,  the  degree  of  under-expansion,  the 
atmospheric  pressure,  chemical  composition,  vehicle  velocity  and  aerodynamic 
vehicle  configurations  near  the  nozzle.  Flame  length  may  be  related  to  the  thrust 
produced. 


228  Seal's,  V.'.  R.  ,  "Magnet  ohydrod\nianiic  Effects  in  Aerodynamic  rlows", 

ARS  Journal,  Vol.  29,  No.  6,  .Tune  1959 
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Fig.  2-132  Eiectromagnetic  Aftenuation/Thrust  Relationship 


Fig.  2-133  Diagram  of  Electiamagnetic  Attenuation  Technique  of  Thrust  Measurement 


WADD  TR  61-67 
VOL.  I  REV  1 


258 


The  study  of  the  ralatioiiship  of  noise  to  jet- stream 
characteristics,  (Ref.  Z29,  230,  231,  232)  initiated  principally  because  of 
noise  annoyance  created  by  jet  aircraft  and  concerning  acoustical  fatigue  problems 
has  revealed  a  qualitative  noise  and  nozzle  exit  velocity  relationship.  Since 
thrust  is  also  related  to  velocity  an  acoustical  method  of  thrust  measureioent 
is  strongly  suggested.  Only  limited  work  has  been  performed  along  this  direction 
but  with  availability  of  high  temperature  acoustical  pressure  measuring  probes 
this  method  may  offer  more  promise. 

c.  Advanced  Propulsion  System 

Thrust  measuring  requirements  and  methods  concerned  with 
some  of  the  more  exotic  propulsion  systems  indicate  emphasis  on  direct  thrust 
measurement  techniques.  Inter-relations  and  inaccuracies  involved  in  any 
simplification  are  greatly  enhanced  in  employing  parametric  methods  in  ion 
and  plasma  propulsion  systems.  In  nuclear  propulsion  systems  parameter 
measurement  devices  are  subjected  to  extreme  environmental  conditions  as  well 
as  the  equation  for  thrust  becoming  more  involved. 


229  Lighthill,  M.  J.  ,  "On  Sound  Generated  Aerodynamically,  I,  General 
Theory",  Proceeding  of  the  Royal  Society  (London),  Sec.  A,  2]1,  1107,  March  20 
1954,  p.  564. 

230  Lighthill,  M.  J.  ,  "On  Sound  Generated  Aerodynamically,  II.  Turbulence 
as  a  Source  of  Sound",  Proceeding  of  the  Royal  Society  (London),  A222,  I,  1954. 

231  Callaghan,  E.  E,  ,  and  W.  D.  Coles,  "Far  Noise  Field  of  Air  Jets 
and  Jet  Engines",  NACA  Report  1329,  1957. 
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"Near-Noise  Field  of  a  Jet  Engine  Exhaust",  NACA  Report  1338,  1957, 
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2-13 


BIO -INSTRUMENTATION 


a.  Introduction 

Bio -Instrumentation  has  experienced  a  rapid 
growth  sine;  V/orld  War  II.  The  environments  experienced  and 
physical  performance  demanded  of  air  crews  have  changed  with 
every  advancement  into  the  space  age.  Manned  space  flight  and 
the  now  present  race -to-the-moon  has  focused  attention  on  phys¬ 
iological  function  and  life  support  measurements  to  insure  man's 
safety  and  optimum  performance  during  travels  into  new  and  unknown 
environments. 

Bio-experiments  with  animals  and  man  concerned 
with  flight  tests  have  been  conducted  with  ever  increasing  emphasis 
since  World  War  II.  Sputnik  II  launched  November  3,  1957  carried 
test  animal  "Laika"  (a  dog)  instrumented  for  temperature  measure¬ 
ments  and  effects  of  pressure.  Discoverer  III,  launched  June  3, 

1959j  carried  four  black  mica  in  a  re-entry  capsule.  Sputnik  IV 
launched  May  14,  I960  carried  a  "dummy"  instrumented  space  man. 
The  Russians  launched  a  5-ton  spacecraft  December  1,  I960  carrying 
two  dogs,  other  animals  and  biological  specimens.  Another  similar 
Russian  craft  with  one  dog  was  launched  March  9.  1961.  The  United 
States  Discoverer  XVIII  capsule  contained  human  cells  and  was 
successfully  retrieved  Dec  10,  I960.  The  MR-2  space  vehicle 
carried  a  37 -lb,  chimp  named  "Ham"  to  a  peak  velocity  of  5800  mph 
and  on  re-entry  experienced  14G  forces. 

A  major  step  came  on  April  12,  1961  when  Yuri 
Gaga'S  in  made  the  first  orbital  space  flight  in  the  5 -ton  spaceship 
Vostok.  Shortly,  thereafter,  on  May  5,  U.  S.  Astronaut  Alan 
Shepard  traveled  115  miles  into  space  and  302  miles  out  to  sea  in 
a  15  minute  Mercury-Redstone  flight.  Then  again  on  July  21,  1961 
U.  S.  Astronaut  Virgil  Grissom  rode  a  Mercury  capsule  to  a  118 
mile  altitude  and  303  miles  out  in  the  Atlantic  Ocean.  Then  on  August 
6,  1961  Major  German  Titov  traveled  17-plus  circuits  of  the  globe 
in  space  ship  Vostok  11.  His  flight  lasted  25  hours  and  18  minutes 
and  of  prime  interest  was  the  report  of  some  air-sickness  due  to 
long  periods  of  weightlessness. 
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The  highly  successful  orbiting  and  recovery  of 
the  Project  Mercury  Friendship  Seven  manned  space  capsule 
on  February  20,  1962,  v/ith  Col.  John  Glenn  making  three 
orbits  in  4  hours  and  56  minutes  highlighted  the  manned  space 
travel  to  date.  There  are  some  18  manned  space  flight  and 
support  launches  scheduled  in  1962. 


Table  2-11  MANNED  SPACE  FLIGHT  AS  OF  MARCH  1962 


Man 

Gagarin 

Shepard 

Grissom 

Titov 

Glenn 

Date 

April  12, '61 

May  5, '61 

July  2 1 ' 6 1 

Aug.  6, '  6 1 

Feb.  20, '62 

Type  of 
Flight 

Earth  orbit 

Suborbital 

Suborbital 

Earth  orbit 

Earth  orbit 

Altitude 

(miles) 

203 

115. 696 

118 

159 

162 

Distance 

(miles) 

25, 000 

302 

30  3 

435.  000 

3  orbits 

Flight 

rime 

108  min. 

1  5  min. 

16  min. 

25  hrs, 

18  min. 

4  hrs, 

6  min. 

Peak 

Velocity 

17,  400 

5100 

5280 

17,  750 

17,  100 

Vehicle 

Name 

Vostok  1 

F reedom  7 

Liberty  Bell  7 

Vostok  II 

F riendship  7 

Spacecraft 

Weight 

10,  395 

4031.  7 

4040 

10,  430 

4050 

b.  Physiological  Measurements 


In  most  cases  clinical  methods  of  performing  body 
function  measurements  are  not  satisfactory  or  entirely  feasible 
for  space-vehicle  application.  A  survey  conducted  at  Martin - 
Denver  (Ref.  233)  pointed  out  that  some  sort  of  equipment  was 
available  to  measure  nearly  all  physiological  parameters  but  that 
many  of  these  devices  were  not  suitable  for  the  requirements  of 
prolonged  space  flight.  They  were  rarely  of  low  power,  light  weight, 
small,  rugged,  comfortable,  non-restricting  to  subject  and  capable 
of  accurate  and  reliable  operation  in  abnormal  environments  of 
temperature,  pressure  and  acceleration.  Some  of  the  more  common 
physiological  measurements  are:  blood  pressure,  skin  temperature. 


233  Gleason,  G.  W.  ,  "Bio-Instrumentation  for  Space  Flight,  " 
Proceedings  of  National  Telemetering  Conference,  I960 
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heart  beat,  electrocardiogram  (EKG),  electroencephalogram 
(EEG),  galvanic  skin  resistance  (GSR),  and  respiration. 

An  associated  group  of  measurements  applicable 
to  iiianned  spacecraft  are  termed  "life  support"  measurements. 
They  consist  of  measurements  of:  oxygen  concentration,  carbon 
dioxide  concentration,  other  gases,  gas  pressure,  gas  flow,  and 
liquid  flow.  Typical  over-all  instrumentation  requirements  for  a 
manned  orbital  type  space  vehicle  (Ref,  234)  are  given  in  table 
3-6  (See  Section  III) 


To  understand  the  approaches  to  the  application  o£ 
transducing  elements  to  physiological  measurements,  a  brief 
description  of  some  of  the  bio-signals  are  given.  (Ref.  235) 

Needle  electrodes  in  direct  contact  with  single  nerve  fibers 
register  about  20  microvolts.  Skin  electrodes  over  a  large 
muscle  give  a  wide  range  of  less  than  2  uv  during  practiced  re¬ 
laxation  to  3000  uv  in  voluntary  exertion.  A  range  of  50  uv  to 
300  uv  of  signal  are  obtainable  from  surface  scalp  electrodes. 
Eyeball  electrode  potentials  vary  from  50  uv  to  3000  uv  depending 
on  efficiency  of  placement.  Electrodes  placed  just  under  the 
eyebrows  or  just  under  the  eyes  may  have  about  25  uv  or  more  and 
can  indicate  eyelid  response.  EKG  signals  are  relatively  high  from 
500  uv  to  2  mv.  GSR  changes  on  the  palms  of  the  hand  and  soles 
of  the  feet  can  be  as  high  as  25%  following  sudden  mental  stress. 

commonly  accepted  frequency  types  in  EEG  are:  alpha  rhythm  at 
8-13  cps,  normal  for  resting  subjects  with  eyes  closed;  beta  rhythm 
at  14-30  cps  occurring  during  periods  of  mental  effort;  delta  rhythm 
of  0.  5  to  3.  5  cps  associated  with  extreme  physical  stress;  and 
theta  rhythm  appearing  during  mental  stress  periods.  See  Figure 
2-137  indicating  electrical  response  from  human  brain.  Normal 
pulse  frequency  is  around  72  pps.  A  response  of  0-50  cps  is  con¬ 
sidered  adequate  heart-beat  analyses.  Rate  of  breathing  is  normal 
at  about  16  inspirations  per  minute  for  resting  individuals. 


Blood  pressure  measurements  consists  of  two  discrete 
pressure  measurements;  "systolic,"  a  higher  pressure,  and  "diastolic." 

234  Ellis,  A.  B.  ,  "An  Airborne  Data  Collection,  Telemetering, 
and  Ground  Data  Processing  System  for  Development  Flight  Test 
of  an  Orbital  Type  Space  Vehicle,  "Proceedings  of  National  Telemetering 
Conference,  I960 


235  Fo  d.  A.,  Foundations  of  Bioelectronics  for  Human  Engineering, 
NEE  Research  Report  761,  April  1957 
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Figure  2-138 

Elvctrical  reiponie  from  tho  human  brain.  Leff^  alpha  rhythm  d'lrinp  r«loxotion.  Right,  brain 
wov«  during  ari»hni#tical  coiculation.  From  the  Lehigh  Unirerilty  B.^aiactric  laborotory. 
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Both  must  be  known  to  diagnose  properly.  The  best  method  is 
cannulation--pressurc  measurement  by  direct  insertion  into  the 
artery.  Practically,  indirect  methods  s\ich  as  arm  cuffs,  finger 
cuffs,  ear  cuffs,  and  artery  indenting  probes  are  used  in  manned 
space  vehicle  application.  These  methods  are  relatively  awkward 
and  a  really  good,  all-purpose  method  is  yet  to  be  developed. 

In  a  study  by  Webb  Associates  (Ref.  236)  for  NASA, 
the  state-of-the-art  for  automated  blood  pressure  measuring 
devices  was  investigated  for  evaluation  in  choosing  such  devices 
for  application  in  the  Mercury  Program.  Blood  pressure  devices 
jnade  for  measurement  under  conditions  of  activity  exist  at  the 
Air  Force  School  of  Aerospace  Medicine,  the  Ames  Research 
Center,  Edwards  Air  Force  Base,  Wright -Patterson  Aeronautical 
Systems  Division,  at  AiResearch  and  at  the  Systems  Research 
Laboratories.  All  these  devices  make  use  of  a  microphone 
pickup  to  detect  the  escape  of  arterial  occlusion  as  a  blood  pressure 
signal. 


A  brief  description  of  each  of  these  devices  and  its 
advantages  and.  limitations  .may  be  found  in  Appendix  IV. 

Development  studies  are  being  carried  out  at  the 
Stanford  Research  Institute  and  at  MIT  using  a  very  sensitive 
capacitance  pickup  applied  to  the  radial  artery,  which  is  capable 
of  detecting  mean  arterial  pressure  with  systolic  peaks  and  di¬ 
astolic  lows.  At  the  Air  Force  Flight  Test  Center  at  Edwards 
a  method  is  being  studied  involving  continuous  measurement  of 
pulse-wave  velocity.  The  measured  del;.y  between  each  R  pulse 
of  the  electrocardiogram  and  the  arrival  of  the  corresponding 
pulse  wave  at  a  chosen  anatomical  location  is  related  to  blood 
pressure,  and  may  be  most  useful  for  following  rapid  transient 
changes  in  pressure. 


Heartbeat  or  heartrate  signals  can  be  obtained  from 
a  cardiac  microphone  or  nvay  be  extracted  from  the  complex 
electrocardiogram  waveform.  The  main  disadvantage  using  a 
microphone  pickup  is  its  sensitivity  to  other  mechanical  vibration, 
movement  of  clothing  against  pickup,  and  in  many  cases,  subject 
speech  sounds.  Proper  signal  conditioning  (selective  frequency 
response)  and  directional  isolation  and  shielding  to  gain  better  signal 
in  presence  of  high  environmental  noise  is  necessary  in  this  application. 


236  A  Survey  and  Evaluation  of  Methods  of  Measuring  Blood 
Pressure  for  Immediate  Space  Flight  Programs,  Final  Report  on 
Contract  NASr-51,  Webb  Associates,  June  1961 
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In  electrocardiogram  (EKG)  the  60  to  80  millivolt 
heart  measurements  to  ample  potentials  arc  attenuated  to  1  to  5 
millivolts  depending  on  the  location  of  the  electrodes  on  the  body, 
necessitating  the  use  of  high  gain  amplifiers-  Care  must  be 
exercised  in  employing  adequate  s^iielding  to  obtain  usable  signal 
to  noise  ratios.  At  Boeing  (Ref,  237)  in  instrumentation  for 
EKG  is  provided  by  a  transistorized  differential  amplifier, 
miniaturized  to  7.  6  cm  by  4.  4  cm  by  1.  9  cm  v/eighing  94  grams. 

Gain  levels  are  1000  x  and  2500  x.  The  frequency  response  is 
uniform  up  to  150  cps  and  the  the  phase  and  gain  at  low  frequencies 
are  controlled  so  that  a  step  impulse  of  two  seconds  duration  is 
reproduced  faithfully. 

In  medical  evaluation,  this  amplifier  was  found  to 
give  records  identical  to  those  produced  with  large  type  clinical 
electrocardiographs. 

In  field  work,  electrocardiographic  data  taken 
with  the  miniature  instrument  has  been  used  in  combination  with 
heart  sound  data  (also  taken  with  the  miniaturized  equipment 
described  in  the  next  section)  to  study  heart  rates  and  phase  re¬ 
lationships  of  heart  excitation,  contraction  and  blood  ejection.  An 
antero-posterior  (front  electrode  on  chest,  rear  electrode  on  back) 
electrode  lead  is  usually  used  to  reduce  the  amount  of  noise  and 
base  line  shift  which  is  caused  by  body  motion  and  the  consequent 
stretching  of  the  skin  where  an  unwanted  piezoelectric -like  effect  occurs. 

It  is  thought  that  analyses  of  the  brain  waves  of  an 
astronaut  can  yield  important  information  about  the  state  of  conscious¬ 
ness,  about  hyperventilation  and  about  abnormal  neurological  dis¬ 
turbances.  Low  blood  sugar  levels  and  high  body  alkalinity  and 
acidity  levels  are  thought  to  be  ascertainable,  as  the  existence  of 
these  abnormal  chemical  conditions  produce  characteristic  brain 
wave  patterns. 

In  electroencephalogram  (EEG)  measurements  a  high 
gain  amplifier  is  again  needed  and  their  associated  problems  are 
a  disadvantage  in  space  craft  use.  The  Boeing  Space  Medicine  Section 
has  medically  validated  a  miniaturized  electroencephalograph  am¬ 
plifier  10  cm  by  7.  6  cm  by  1. 9  cm  weighing  168  grams.  It  has  a 
gain  of  100,  000  x,  a  low  frequency  time  constant  of  170  milliseconds 
and  a  frequency  response  up  to  100  cps. 

237  Edmunds,  A.  B.  Jr,  ,  Megel,  H.  ,  Bark,  R.  S.  ,  "Space 
Physiology  and  Miniaturized  Space  Medical  Instruments,  "  National 
Telemetering  Conference,  I960 
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Skin  temperature  measurements  may  be  made  using 
thermistor  devices.  These  should  be  tested  for  high  repeatability 
characteristics  and  their  accuracy  will  depend  greatly  upon 
mounting  arrangement  and  thermal  insulation  from  external  en¬ 
vironment. 

The  average  body  temperature  is  usually  thought  of 
as  the  familiar  value,  98.  6°F.  This  value  has  been  obtained  by 
averaging  thousands  of  oral  temperature  readings  at  different 
times  for  different  individuals.  A  more  reliable  indicator  of  body 
temperature  is  the  rectal  temperature,  which  is  usually  one  degree 
F  Higher  than  the  normal  oral  temperature.  Temperatures  vary 
throughout  the  body.  Temperatures  taken  in  any  one  place  vary 
slightly  d\iring  the  twenty-four  hour  day  and  also  vary  from  day  to 
day.  Small  variations  such  as  these,  however,  will  only  be  of 
incidental  significance  for  the  space  medical  monitor.  Marked 
elevations  or  depressions  of  rectal  or  peripheral  temperatures 
will  be  of  greater  interest. 

Temperature  elevations  of  several  degrees  may  be 
caused  by  bacterial  or  viral  infection,  emotional  states,  ingestion 
of  toxic  substances,  dehydration,  excessive  cabin  or  space  suit 
temperatures  and  high  relative  humidities.  Depression  of  temperature 
may  be  produced  by  shock,  bleeding  and  other  related  types  of 
incidents. 

Bead  thermistor  rectal  probes  have  been  designed 
and  used  but  have  time  constants  in  the  order  of  several  seconds. 

Using  a  thermal  insulated  thermistor  under  the  arm  gave  readings, 
which  on  the  average  paralleled  rectal  readings  within  0-  3°C. 

Galvanic  skin  resistance  (GSR)  measurement  changes 
can  be  interpreted  to  indicate  mental  stress  or  alertness,  and 
sweat  rates.  A  moisture-sensing  element  (Ref.  238)  has  been  em¬ 
ployed  in  measurement  of  tliermal  sweat. 

Respiration  measurements  involve  rate  and  volume 
determinations.  Chest  expansion  devices  are  common  and  where 
properly  fitted  so  slippage  discomfort  are  not  problems,  offer  simple 
measurement  solution.  One  type  employs  a  chest  band  with  a  spring 

238  Roy,  O.  Z.  ,  "An  Electronic  Device  for  the  Measurement 
of  Sweat  Rates,"  IRE  Medical  Electronics;  Vol.  ME-7,  No.  4, 
October,  I960 
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return  potentiometer  so  mounted  that  expansion  of  elastic  band 
moves  rotary  wiper  arm  of  the  potentiometer.  Disadvantages  arc 
that  a  different  calibration  curve  is  obtained  for  each  individual  and 
for  each  of  his  general  body  positions.  Strain  gages  are  also 
used  in  chest  expansion  measurements.  Gulton  Industries  Model 
MF-401  respiration  transducer  employs  a  cantilevered  strain 
gage  mounted  in  a  face  mask  to  be  worn  over  mouth  and  nose, 
to  sense  breathing  rate  and  depth. 

At  the  Aerospace  Medical  Division  at  Wright-Patterson 
(Ref,  239)  a  small  unit  was  designed  to  monitor  both  heart  rate 
and  respiration  rate.  Dry  silver  cloth  electrodes  were  chosen  for 
chest  electrodes  and  placement  selected  for  minimum  inter¬ 
ference  from  muscle  action  potentials.  (Ref.  240).  Three  electrodes 
were  used,  one  ground  and  two  for  EKG  voltage  pickup.  Since  only 
heart  rate  was  being  determined  frequency  limiting  was  employed 
in  the  amplifier  decreasing  further  the  response  to  other  signals. 

The  respiration  rate  transducer  consisted  of  a  non¬ 
elastic  chest' band,  with  an  electrolyte -filled  rubber  tube  as  the 
expansion  link.  See  Figure  2-139.  A  1/8  inch  inside  diameter, 

3  inch  long  tube,  filled  with  a  copper  sulphate  solution  (5-10%) 
was  used.  The  tube  was  sealed  with  two  pure  copper  electrodes  at 
the  ends.  This  resulted  in  a  completely  reversable  electrolytic 
system  for  a  limited  operating  time.  (Electrolytic  action  on 
electrodes  limits  operating  time-ac  excitation  would  eliminate  this 
factor). 


The  resistance  range  of  this  transducer  depends  on  the 
dimensions  and  on  the  concentration  of  the  electrol'yte.  A  wide 
range  of  resistance  can  be  made  (about  300  to  20,000  ohm)  for  the 
given  dimensions  with  varying  electrolyte  concentration. 

To  protect  the  rubber  tube  from  being  squeezed  when 
used  inside  a  pressure  suit,  a  steel  wire  spring  was  wound  around  the 
tube.  The  transducer  is  fastened  to  a  nonelastic  belt,  so  that  the 


239  Marko,  A.  R.  ,  Monitoring  Unit  for  Heart  and  Respiration 
Rate,  WADD  Technical  Report  60-6l9,  August  I960 

240  Tolies,  W.  E,  ,  Carbery,  W.  J.  ,  A  system  for  Monitoring 
the  Electrocardiogram  During  Body  Movement,  WADD  Technical 
Report  No.  58-453,  April  1959 
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COPPER  ELECTRODES 


Fig.  2-139  Respiration-Rate  Transducer 
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whole  extension  of  the  chest  extends  the  tube.  Normal  bicathing 
gives  a  resistance  change  of  5  to  20  percent,  heavy  breathing 
gives  up  to  150  percent. 

The  electronic  system  of  the  monitoring  unit  is 
shown  in  the  circuit  diagram  iii  Figure  2-140.  The  first  tran¬ 
sistors  (Tj^,  T2)  arc  of  a  differential  amplifier  stage,  with  a  voltage 
gain  of  10.  Simple  selection  of  transistors  for  equal  current 
provides  a  common  mode  rejection  of  about  300:1.  The  base- 
to-base  input  impedance  is  25,  000  ohms.  Capacitors  on  the  input 
(Cj,  C2)  limit  the  lowest  frequency  to  about  1.  5  cps  for  a  6-db 
drop.  In  the  second  stage,  the  resistor-capacitor  combination 
(R7,  C3)  in  the  emitter  reduces  the  lowest  frequency  to  8  cps 
for  6  db.  This  frequency  limitation  removes  interference  from 
body  movements  and  electrode  resistance  changes  to  a  high  degree, 
but  does  not  attenuate  the  QRS  coniplex  of  the  EKG  significantly 
(main  frequency  about  20  cps). 

A  potentiometer  (Pr)  is  located  in  the  second -stage 
collector.  It  is  paralleled  by  the  electrolytic  respiration  transducer 
(R(.).  The  output  from  the  respiration  signal  can  be  properly 
adjusted  with  the  potentiometer.  The  third  stage  is  a  feed-back 
stabilized  amplifier.  In  its  collector  circuit,  a  capacitor  (C5) 
limits  the  high  frequency  cutoff  to  40  cps  for  a  6-db  drop.  This 
removes  interference  from  muscle  activity  potentials.  The  amplifier 
voltage  gain  for  the  3  stages  is  about  6,000  over  a  frequency  band 
of  12  to  30  cps.  This  amplifier  modulates  the  frequency  of  the 
blocking  oscillator  (BO),  producing  a  tone  with  a  frequency  of  about 
800  cps.  Modulation  by  the  QRS  part  of  the  EKG  occurs  in  the  form 
of  short  blips  creating  high  or  low  pulse  tones,  depending  on  the 
electrode  polarity.  Respiration  causes  slow  shifts  in  the  frequency 
corresponding  to  inhalation  and  exhalation.  The  secondary  windings 
from  the  transformer  (TR)  employed  in  the  blocking  oscillator 
deliver  a  signal  amplitude  of  8  volts  peak-to-peak.  This  signal 
can  be  used  to  modulate  a  standard  transmitter  for  telemetering 
purposes  (proper  amplitude  is  adjusted  with  potentiometer  (P2)>  or 
may  be  connected  with  a  telephone  line  or  tape  recorder).  Monitoring 
heart  rate  and  respiration  rate  is  performed  in  the  simplest  way 
by  listening,  or  if  direct  recordiirg  is  required,  by  using  a  special 
discriminator  circuit. 


WADD  TR  61-67 
VOL  I  REV  1 


271 


n 


I 


EKG  ELECTRODES 
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Fig.  2-140  Circuit  Diagram  of  Monitoring  Unit 
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Use  of  the  telemetered  data  from  physiological 
sensor  in  a  space  vehicle  is  primarily  to  monitor  the  physical 
condition  of  the  man  to  insure  his  safety.  It  also  has  great 
documentation  value  for  use  in  planning  the  succeeding  missions. 
However,  during  the  real  time  receipt  of  data  it  will  be  analysed 
to  determine  if  the  man's  condition  is  normal  or  as  planned,  to 
sense  any  developing  conditions  that  could  lead  to  harmful  or 
abnormal  physiological  functions.  It  is  desirable  that  data  be 
presented  to  monitoring  console  such  that  a  meaningful  indication 
is  given  on  the  astronauts  physical  condition.  Voice  communication 
and  televi.sion,  preferably  color,  are  highly  desired  by  monitoring 
physicians.  More  sophisticated  displays  and  indicators  are  really 
needed  such  that  the  many  physiological  m.easurements  may  be 
monitored  and  related  to  each  other  in  real  time  and  compared  to 
predetermined  patterns  of  such  data  to  determine  normality  of 
over-all  body  functions.  By  use  of  programmed  m.easurements  and 
computer  diagnosis  (relating  and  comparison  with  stored  information) 
an  output  single  indication  could  be  given  satisfying  real  time 
monitoring  operator.  Deviations  from  normal  output  would  be 
used  as  error  signals  to  indicate  alarm,  program  various  physiological 
measurements  to  be  made  and/or  displayed  in  greater  detail  and 
where  feasible  to  initiate  corrective  operational  changes  or  procedures 
(shift  body  position,  alter  body  cooling,  exert  aiding  pressure  to 
bony  ai'eas,  etc.  ) 

To  supply  time  correlated  data  for  computer  type 
diagnosis  physiological  sensors  must  be  integrated  with  a  number 
of  the  measured  parameters  of  the  space  craft  immediate  and 
predicted  operation.  Thus  as  in  many  complex  instrumentation 
problem.s,  the  ability  to  employ  real  time  analysis  of  large  amounts 
of  related  data,  will  return  answers  only  available  through  indirect 
measurements. 


At.  the  T.afa''^ette  Clinic  in  Dstr< 


Ax  and  George  Zacharapoulos  have  designed  a  system  for  high-speed 
analysis  of  psychophysiological  data  (physiological  reactions  to 
psychological  states).  The  design  goal  was  a  practical  method  of 
analyzing  multi-channel  recordings  of  variables  such  as  heart  rate 


24]  "Medical  Instrumentation  Today,"  Readout,  Volume  3, 

No.  4,  Ampex  Instrumentation  Products  Co. 
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skir  temperature,  palmar  sweating,  muscle  potentials, and  so  on. 

These  variables  would  be  subjected  to  both  stati.stical  and  functional 
analysis  with  respect  to  each  other  and  to  specific  research  questions. 

The  system  is  composed  of  four  main  sections:  the 
physiological  transducers,  a  24  channel  polygrapli  (for  visual 
monitoring  in  real  time  and  for  editing),  a  data  logger(for  converting 
to  digital  and  recording  on  magnetic  tape)  and  a  digital  computer. 

The  Visicorder  polygraph  is  equipped  with  high-gain  amplifiers  and 
other  modifying  circuitry  required  to  match  the  several  transducers 
to  the  system.  A  cardiotachometer  converts  the  period  between 
heart  beats  into  an  analog  voltage.  Finger  pulse  pressure  is 
picked  up  by  a  piezoelectric  transducer,  processed  by  a  peak  detector 
and  hold  circuit  so  as  to  present  a  continuous  voltage  for  sampling 
by  the  data  logger.  Muscle  potentials  which  indicate  muscle  tonus 
and  contractiens  are  integrated  and  recorded  once  per  second.  Bridge 
circuits  measure  skin  tenipei  atures  and  the  palm  skin  conductance 
(as  measures  of  skin  blood  flow  and  palmar  sweating).  Respiration 
is  obtained  from  a  strain  gage  displaced  by  changes  in  chest  and  ab¬ 
domen  circumference. 

The  transducer  signals  are  also  fed  into  the  EPSCO 
data  logger,  A  high-speed  29  channel  electronic  commutator  samples 
each  variable  at  least  10  times  the  maxinium  expected  frequency  of 
the  variable.  For  example,  respiration,  which  might  reach  a  max¬ 
imum  rate  of  one -per -second,  is  sampled  10  times -per-second.  The 
slowest  sampling  rate  is  one-per-second.  An  analog  to  digital  (A  to  D) 
converter  accepts  each  sample  from  the  commutator  and  converts 
it  to  an  1 1  “bit  binary  number.  Format  programming  circuitry 
enables  digital  recording  on  tape  in  a  format  acceptable  to  the  Bendix 
Gl  9  computer  for  later  analysis. 

By  enabling  simultaneous  consideration  of  data  from 
these  various  systems  of  the  body  (behavioral,  physiological  and 
biochemical)  it  is  hoped  that  more  fundamental  parameters  may 
be  found  which  arc  useful  for  describing  tlic  crnolionai  and  mo¬ 
tivational  systems  that  are  disturbed  in  mental  illne.ss. 


.  ■- 
■*"  •"A 
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SECTION  III 


TRANSDUCER  APPLICATIONS 


3-1  INTRODUCTION 

A  sizable  volTime  could  be  written  about  the  use  and  application 
of  transducers  in  rocket  sleds,  sled  tracks,  aircraft,  missiles,  satellites, 
and  future  spacecraft.  In  this  section  an  attempt  will  be  made  to  present 
a  few  examples  of  over-all  instrumentation  requirements  encountered  in 
tests  and  operational  flight  programs.  The  nature  of  the  following  in¬ 
formation  ranges  from  generalities  to  specifics.  Many  general  applications 
are  indicated,  and  operational  characteristics  pointed  out  in  Section  II 
under  associated  transducer  measurement  fundamentals.  In  this  Section 
general  information  is  repeated  relating  to  basic  usage  of  transducers, 
and  where  information  is  obtainable,  unique  applications  of  transducers 
and  unique  usage  of  measurement  principles  is  reported.  The  aspects 
of  selecting  a  transducer  are  briefly  discussed.  Evaluation  remains  to 
be  an  engineering  test  and  analysis  problem  for  each  particular  application. 
References  will  be  noted  where  applicable  indicating  detailed  studies 
of  instrumentation  to  solve  measurement  problems. 


3-2  GENERAL 

a.  Selection  Criteria 


The  selection  of  a  specific  transducer  for  a  particular  application 
remains  more  of  an  art  than  a  science  because  the  choice  betv/een  available  al¬ 
ternatives  nearly  always  represent  a  compromise  between  desirable  and  undesir¬ 
able  characteristics.  Transducer  discussions  in  Section  II  have  included  some 
of  the  characteristics  which  must  be  considered  in  the  selection  of  each  type; 
however,  they  have  not  been  presented  in  a  consolidated  listing.  Table  3-1 
presents  such  a  list,  by  broad  categorias,  to  assist  the  transducer  user  in 
the  analysis  of  his  requirements  and  selection  of  transducers  which  most  nearly 
satisfy  them. 


Not  all  of  the  criteria  set  forth  in  Table  3-1,  of  course,  are 
applicable  in  every  instance  of  transducer  selection.  In  fact,  the  assessment 
of  the  relative  importance  of  the  various  criteria,  and  the  extent  to  which  each  is 
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Factors  Whicti  Depend  on  the  Characteristics  of  the  Expected  Input  Variable: 


Range  (maximum  and  minimum  values  to  be  measured) 
Overload  Protection 
Frequency  Response 

Transient  Response 
Resonant  Frequency 

Factors  Affecting  the  Transducer  Input/Output  Relation: 


Accuracy 

Linearity 

Sensitivity 

Resolution 

Repeatability 

F  ricti-';n 

Hysteresis  /  Backlash 
Threshold/ Noise  Level 
Stability 

Zero  Drift 

Loss  of  Calibration  with  Time 


Factors  Relating  to  the  System  of  Which  the  Transducer  is  a  Part: 

Output  Characteristics 

Size  and  Weight 

Power  Requirements 

Accessories  Needed 

Mounting  Requirements 

Environment  of  Transducer  Location 

Cross  Talk 

Effect  of  Presence  of  Transducer  on  Measured  Quantity 
Need  for  Corrections  Dependent  on  Other  Transducers 


Factors  Relating  to  Measurement  Reliability: 


Ease  and  Speed  of  Calibrating  and  Testing 

Time  Available  for  Calibration  Prior  to  and/or  During  Use 
Duration  of  Mission 

Stability  Against  Drift  of  Zero  Point  and  Proportionality  Constant 

(continued) 
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Vulnerability  to  Sudden  Failure  (Probability  of  proper  performance 
for  a  given  .life  time) 

Fail  Safety  (Will  transducer  failure  represent  system  failure,  or 
invalidate  data  from  other  transducers?) 

Failure  Recognition  (Will  transducer  failure  be  immediately  ap¬ 
parent  so  that  subsequent  erroneous  data  can  be  rejected?) 


Factors  Relating  to  Procurement: 


Is  Item  Off-the -Shelf ?  Must  development  be  done  to  make  it 
operational? 

Price 

Availability  and  Delivery 
Previous  Experience  with  the  Vendor 

Availability  of  Calibration  and  Test  Data  from  Manufacturer 


satisfied  by  the  available  transducers,  are  points  which  must  rest  upon  the 
j'jdgmen;;  of  the  responsible  engineer.  Many  of  the  items  in  this  tabic  are 
self-explanatory.  For  others,  there  are  so  many  different  definitions  that 
a  fair  comparison  of  transducers  requires  careful  attention  to  the  way  in 
wJiich  each  tei'm  is  defined  by  the  manufacturer.  Typical  of  this  art;  such 
items  as  accuracy,  resolution,  and  linearity.  This  problem  area  has  re¬ 
sulted  from  the  fact  that  standard  definitions  have  not  been  established  and 
adopted  by  both  users  and  manufacturers.  However,  within  the  next  year  or 
so,  it  is  expected  that  standard  nomenclatures  and  definitions  will  be  prepared 
and  accepted  through  coordination  between  major  user,-:  and  manufacturers  . 


b.  Mounting  Considerations 

A  fundamental  question  which  should  be  kept  in  mind  when 
considering  a  transducer  for  a  given  application  is  "will  the  transducer  out¬ 
put  really  correspond  with  the  physical  quantity  which  is  to  be  measured?" 


To  some  degree,  the  addition  of  a  transducer  will  affect  the 
behavior  of  the  system  itself.  For  example,  inserting  a  flowmeter  into  a  line 
will  normally  introduce  additional  fluid  friction,  which  will  result  in  an  alter¬ 
ation  to  the  flow  rate.  Similarly,  the  attachment  of  a  vibration  pickup  to  a 
thin  plate  may  alter  the  natural  frequency  of  the  plate,  and  hence  its  resjionse 
to  certain  vibrations.  Finally,  a  temperature  probe  attached  to  a  surface  con¬ 
stitutes  a  local  thermal  inertia  which  may  tend  to  smooth  out  the  temperature 
variations  v'nich  would  otherwise  be  sustained.  To  be  sure,  with  proper  pre¬ 
cautions,  fch>',  alteration  v/hich  the  transducer  imposes  on  the  measurand  can 
usually  be  nicde  negligibly  small,  and  this  is  often  preci  sely  the  obligation  on 
the  system  engint  er. 


Ill  some  cases,  the  "feedback"  into  the  physical  system  from 
the  transducer  i:j  not  objectionable.  Thus,  if  the  flowmeter  of  the  above  example 
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trol  loop)  then  i,,?  effect  on  the  system  is  simply  a  system  design  parameter, 
and  not  a  souvee  of  measurement  error.  On  the  other  hand,  where  the  transducer 
is  inserted  in  only  one  model  (as  for  test  purposes),  one  musn  be  careful  in  ac¬ 
cepting  the  measured  results  as  being  representative  of  the  performance  of  other 
models  wiihout  transducers. 


Even  where  feedback  is  of  no  concern,  serious  measurement 
errors  can  result  from  improper  mounting  of  transducers.  While  it  is  imprac¬ 
tical  to  attempt  to  set  up  mounting  criteria  for  all  types  of  transducers,  the 
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following  questions  point  out  certain  common  pitfalls  of  transducer  installa¬ 
tion: 

1.  Acceleration  and  Vibration:  Is  the  accelerometer 
or  vibration  transducer  rigidly  attached  to  the  mass 
whose  acceJeration  or  vibration  is  to  be  measured? 

2.  Pre  ssure:  Is  the  pressure  transducer  at  the  end  of 
a  connecting  cavity  or  tube  whose  added  path  length 
can  cause  transient  errors,  standing  waves  or  a 
hydrostatic  pressure  difference?  In  pressure  mea¬ 
surement  of  moving  fluids,  is  the  presence  of  dyna¬ 
mic  pressure  accounted  for? 

3.  Flow  Rate:  Is  the  flowmeter  protected  against 
jamming  by  solid  particles  entrained  in  the  fluid? 

4,.  Temperature;  Does  heat  fl.ow  through  the  transducer 

to  or  from  the  environment  to  the  extent  that  a  signi¬ 
ficant  temperature  differential  exists  between  the 
transducer  and  the  material  whose  temperature  is  to 
be  measured?  Are  the  junctions  between  thermocouple 
wires  and  attached  leads  always  kept  at  equal  tempera¬ 
tures  ?  If  the  measured  temperature  is  that  of  a  moving 
fluid,  are  the  stagnation  effects  accounted  for?  Does 
the  transducer  exchange  radiation  with  walls  which  are 
at  a  different  temperature  from  the  fluid? 

5.  Voltage  and  Current:  Do  slip  rings  or  other  commuta¬ 

tive  devices  introduce  noise  voltages  which  are  signi¬ 
ficant  with  respect  to  the  signal?  Are  coils  in  resist¬ 
ance  thermometers,  galvanometers,  magnetometers, 
etc.  adequately  shielded  from  extraneous  magnetic  fields 
emanating  from  other  equipment? 

Prior  to  implementing  a  measuring  system  the  engineer  must  ask 
himself  numerous  questions  like  those  listed  above  so  as  to  minimize  the  chances 
of  wasted  time  and  funds  which  could  be  directly  attributed  to  a  lack  of  engineer¬ 
ing  forethought. 
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A  knowledge  of  the  transducer's  output  characteristics 
while  exposed  to  a  laboratory-type  environment  cannot  be  used  to  com¬ 
pletely  predict  its  suitability  for  the  intended  application.  From  previous 
telemetry  records,  or  extrapolations,  or  theoretical  analysis,  the  engineer 
must  list  the  types  and  ranges  of  environments  to  which  the  transducer  will 
be  exposed.  Further,  he  must  take  into  account  their  durations  and  the 
magnitude  versus  time  profile.  In  many  instances,  he  can  only  estimate 
these  parameters,  and  may  later  find  such  estimates  to  be  off  by  100%  or 
more;  nevertheless,  it  is  essential  that  he  begin  v/ith  an  estimate  which  is 
based  on  something  more  than  pure  intuition. 

After  establishing  a  set  of  environmental  conditions,  it  be¬ 
comes  necessary  for  the  engineer  to  make  decisions,  based  on  his  experience 
and  an  awareness  of  results  from  other  test  programs,  regarding  the  sub¬ 
jection  of  transducers  to  simulated  environments  in  the  laboratory.  If  it  is  a 
question  of  evaluating  the  transducer  from  the  standpoint  of  drift,  hysteresis, 
noise,  etc.  ,  or  testing  it  to  destruction,  he  has  a  choice  of  whether  or  not  to 
carry  out  such  tests.  However,  if  he  is  striving  for  accuracy  in  measurement 
during  a  missile  flight,  for  example,  he  has  little  choice  but  to  run  the  trans¬ 
ducer  through  the  simulated  environment  so  as  to  prepare  a  calibration  curve. 
Once  he  has  assured  himself  that  transducers  of  a  certain  type,  batch,  or  manu¬ 
facture,  are  consistently  identical  in  environmental  effects,  lie  may  elect  to 
run  calibrations  only  on  random  samples.  Such  procedures  are,  however,  gen¬ 
erally  applicable  after  the  missile  program  goes  into  a  production  phase.  They 
are  not  suited  to  research  and  development  programs. 

The  selection  and  simulation  of  environments  is  a  major  engi¬ 
neering  function  within  all  organizations  which  are  designing  aircraft,  missiles, 
space  vehicles,  and  rocket  sleds.  In  particular,  the  simulation  of  combined 
environments  is  taking  on  greater  and  greater  importance  as  more  is  learned 
from  telemetry  recordings  and  laboratory  investigations.  Some  facilities  can 
provide  combined  temperature  and  vibration  LeSls,  and  other  combinations  'will 
shortly  be  available  (See  Section  V). 

The  transducer  engineer  must  have  an  inquisitive  mind.  He 
must  explore  for  the  "not  obvious"  and  investigate  what  he  considers  to  be  possi¬ 
ble  areas  of  difficulty  in  the  final  application.  For  example,  the  dynamic  res¬ 
ponse  of  an  oil-damped  accelerometer  may  be  as  advertised  by  the  manufacturer 
providing  that  it  is  vibration  tested  with  the  sinusoidal  force  exerted  in  a  direction 
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parallel  to  both  the  earth's  gravity  vector  and  the  sensitive  axis  of  the  accel¬ 
erometer.  However,  the  dynamic  response  may  change  radically  if  the  ac¬ 
celerometer  is  turned  on  its  side  so  that  the  gravity  vectoi  is  perpendicular 
to  the  direction  of  the  moving  mass  within  the  accelerometer  (sensitive  axis). 

In  the  latter  case,  the  accelerometer  is  vibrated  horizontally  so  that  the  sinus¬ 
oidal  force  is  still  applied  along  the  sensitive  axis.  Another  case  is  that  of 
pressure  transducers  which  are  exposed  to  high-level  acoustical  noise.  Wlicre 
such  noise  is  expected,  and  sensitive  pressure  measurements  must  be  accom¬ 
plished,  the  engineer  may  discover  that  he  is  highly  limited  in  his  choice  of 
transducers  or  he  may  elect  to  investigate  the  performance  of  certain  other 
transducers  when  exposed  to  noise.  Another  consideration  with  which  the  tele¬ 
metry  engineer  is  being  confronted  more  often  is  that  of  the  radiation  resistance 
characteristics  of  transducers.  With  the  discovery  of  the  Van  Allen  belts  and 
forthcoming  nuclear  propulsion  systems,  the  engineer  must  familiarize  himself 
with  radiation  terminology,  effects  on  materials,  testing  techniques,  and  test 
facilities. 


d.  Operating  Time 

Depending  on  the  type  and  purpose  of  the  vehicle,  the  "mission 
time"  may  range  from  a  fev/  seconds  to  years.  In  the  case  of  those  with  very 
long  mission  time,  this  will  constitute  the  greatest  pei'ceuLage  of  total  operating 
time  required  of  the  transducer.  For  short  mission  time  vehicles,  such  as 
ballistic  missiles  and  rocket  sleds,  the  required  total  operating  time  with  satis¬ 
factory  performance  will  be  much  greater  than  the  mission  time. 

In  the  case  of  sleds,  some  of  the  transducers  are  not  considered 
to  be  expendable  and  must  be  used  for  numerous  repeated  tests.  Further, 
operating  time  will  be  consumed  by  calibrations  and  normal  pre-run  checkout 
procedures. 


The  actual  flight  of  a  ballistic  missile  may  be  preceded  by  lit¬ 
erally  hours  of  operational  time  requiring  stable  and  reliable  transducer  per¬ 
formance.  Upon  delivery  by  the  manufacturer,  the  transducer  may  undergo 
incoming  electrical  tests  by  "■■ncoming  inspection"  personnel.  Following  this, 
it  may  receive  electrical  and  environmental  tests  p)rior  to  installation  in  the 
missile.  Missile  checkouts  at  the  factory  require  overall  telemetry  testing  on 
more  than  one  occasion.  Following  an  initial  factory  checkout,  the  missile  may 
be  shunted  aside  to  await  repairs  or  installation  of  other  components.  Prior  to 
its  shipment,  it  v/^ould  be  given  a  final  checkout.  Upon  arrival  at  the  missile 
test  range,  the  vehicle  generally  receives  another  series  of  tests  while  in  a 


WADD  TR  61-67 
VOL  I  REV  1 


281 


horizontal  position  in  the  contractor's  hangar.  Erection  at  the  launcher  is 
followed  by  one  or  more  tests  against  console  checkout  equipment  and  the 
ground-based  telemetry  system.  Firing  "holds"  may  necessitate  additional 
checkouts  before  the  launch  actually  takes  place. 

The  engineer  must  take  into  consideration  the  duration  of 
operating  time  which  the  transducer  will  be  subjected  to.  At  the  beginning,  he 
may  realize  that  the  transducer  which  he  must  utilize  has  a  life-time  which  is 
short  of  the  requirements.  In  this  case,  he  may  have  no  choice  but  to  procure 
test,  and  calibrate  extra  transducers  which  are  shipped  with  the  missile  as 
replacement  components. 

3-3  AIRCRAFT  APPLICATIONS 

a.  General 


Operational  aircraft  utilize  numerous  transducers  which  enable 
the  pilot  and  flight  engineer  to  adjust  controls,  evaluate  safety  conditions,  and 
determine  distance-to-go  capability.  Many  of  these  transducers  are  not  consi¬ 
dered  herein  since  they  are  not  intended  for  telemetry  purposes.  Others, 
although  not  vised  on  the  aircraft  as  telemetry  transducers,  are  useful  as  trans¬ 
ducers  for  telemetering  purposes  (e.  g.  ,  air  speed,  rpm).  Still  other  transducer 
3.r6  used  in  conjijiiction  with,  s-irhornc  computers  for  computing  numhsr  s.nd, 

distance-to-go. 


Transducers  are  employed  quite  profusely  in  drone  aircraft  and 
test  programs  for  the  development  of  new  aircraft  types.  For  example,  engine 
measurements  may  run  as  high  as  sixty  during  a  given  flight. 

The  following  paragraphs  present  only  a  small  portion  of  infor¬ 
mation  which  could  be  written  concerning  the  applications  of  transducers  in  air¬ 
craft. 


b.  Examples  of  Applications 

Tables  3-2  and  3-3  present  some  measurements,  measurement 
ranges,  accuracies,  operational  time,  and  outputs  of  transducers  used  on  drone 
aircraft  and  test  programs  for  jet  fighter  aircraft.  Since  this  informa.tion  was 
received  from  single  sources,  it  cannot  be  said  to  be  typical  and,  in  fact,  it  is 
questionable  that  a  set  of  typical  conditions  may  be  set  forth.  Although  the 
types  of  measurements  may  be  common  to  many  programs,  the  ranges. 
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Table  3-2.  Transducer  Applications  in  Drone  Aircraft 
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Transducer  Applications  in  Jet  Fighter 
Aircraft  Test  Programs  (continuation) 
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accuracies,  and  operational  times  will  differ  because  of  differences  in 
mission  requirements  which  are  reflected  in  aircraft  operational  capabili¬ 
ties,  such  as  maneuverability,  fuel  consumption,  air  speed,  etc. 

c.  Temperature  Measurements  (Ref.  242) 

(1)  Ambient  Air  Temperature 

The  ambient  air  temperature  T,  which  is  one  of  the 
main  parameters  in  performance  flight  testing,  is  the  ten  i  srature  which 
would  be  measured  by  a  thermometer  which  is  at  rest  relative  to  the  ambient 
air.  If,  as  is  the  case  for  a  thermometer  attached  to  an  aircraft,  the  ther¬ 
mometer  IS  moving  through  the  air,  the  measured  temperature  T^  will  be 
higher  than  this  ambient  air  temperature. 

The  magnitude  of  this  temperature  rise  can  easily 
be  calculated  if  the  thermometer  is  placed  in  a  stagnation  point  on  the  aircraft. 
At  these  points,  the  air  is  brought  to  rest  by  a  very  nearly  adiabatic  process 
and  the  resulting  temperature  T^  (stagnation  temperature)  may  be  calculated 
by  use  of  the  following  equation: 

Tg  =  T  h  — -  =  T  (1  +  JLlI _  m2)  (3-1) 

2Cpg  2 

where 


T  =  ambient  air  temperature 
V  =  true  air  speed 

Cp  =  specific  heat  of  air  at  constant  pressure 
g  =  acceleration  of  gravity 

y  =  ratio  of  specific  heats  at  constant  pressure 
and  at  constant  volume 

M  =  Mach  number 


242  Pool,  A.  ,  "Temperature  Sensing  Techniques,  "  AGARD  Flight  Test 
Manual,  Vol.  IV,  PartnA4,  pp.  Ha4;4  -IIA4;8. 
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At  all  other  points  of  the  surface,  the  temperature 
rise  will  be  lower,  because  of  no  adiabatic  processes  in  the  boundary  layer. 
Since  both  stagnation  points  and  boundary  layer  will  be  present  on  the  ther¬ 
mometer  body,  the  temperature  measured  by  the  thermometer  will 
have  some  intermediate  value  between  Tg  and  T-  This  is  expressed  by 

T  =T+e(T  -T)=T  +  €  =:  T  (  1  +  ^  M^)  (3-2) 

m  '  fa  ' 

2cpg 

The  coefficient  e  is  called  the  recovery  factor  of 
the  thermometer.  It  has  been  shown  both  theoretically  and  experimentally 
that  for  a  flat  plate  pl3,ced  at  zero  incidence  in  an  airstream,  the  recovery 
factor  is  independent  of  Mach  number,  pressure,  etc.  It  is  only  affected  by 
the  stage  of  the  boundary  layer  and  has  a  value  of  0.  85  if  the  boundary  layer 
is  laminar  and  of  0.  91  if  it  is  fully  turbulent.  If  other  shapes  of  the  thermo¬ 
meter  body  are  used,  or  if  the  plate  is  at  some  incidence  to  the  airflow,  the 
recovery  factor  will  change  with  Mach  number  and  pressure.  These  effects 
are  generally  small  for  low  subsonic  Mach  numbers. 

When  the  recovery  factor  is  known,  it  is  possible 
to  calculate  the  air  temperature  just  in  front  of  the  thermometer  from  the 
measured  temperature  T^^^  and  the  Mach  number  or  true  airspeed  just  in 
front  of  the  thermometer.  This  recovery  factor  can  be  determined  by  wind 
tuiinel  tests. 


In  connection  with  flight  testing,  the  term  recovery 
factor  is  defined  in  a  slightly  different  way.  It  is  the  factor  which  makes  it 
possible  to  calculate  the  ambient  air  temperature  if  the  measured  tempera¬ 
ture  and  the  true  airspeed  or  Mach  number  of  the  aircraft  are  known.  These 
two  recovery  factors  may  differ  appreciably  if  the  local  true  air  speed  V^. 
at  the  point  where  the  thermometer  is  placed  is  not  equal  to  the  true  airspeed 
of  the  aircraft  V.  The  change  of  state  from  V  to  occurs  by  an  adiabatic 
process,  the  measured  temperature  Tj^  is  derived  from  the  local  state  of  the 
air  bv  a  nonadiabatir  rirocess. 

y  '  "A 

It  can  be  shown  that  the  "flight  test"  recovery  factor 
e  '  is  related  to  the  recovery  factor  c  determined  in  the  wind  tunnel  by 


e  '  1  -  (1  -  e 


(3-3) 
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If  f.  is  appreciably  less  than  unity  and  if  differs 
from  V,  the  difference  between  e  andc*  is  considerable.  In  such  cases,  it 
is  essential  to  determine  e  in  actual  flight. 

In  flight  testing  aircraft  which  do  not  fly  faster 
than  about  M  =  0.  5,  the  normal  thermometer  placed  in  the  airstream  is 
generally  used  because  of  its  simplicity.  The  recovery  factor  is  determined 
by  flight  tests.  No  accurate  knowledge  of  this  factor  is  necessary  at  these 
low  speeds.  For  an  aircra.ft  flying  at  200  kts,  the  temperature  rise  will  be 
approximately  5*C.  If  the  ambient  air  temperature  must  be  known  with  an 
accuracy  of  ±1“C,  the  accuracy  reqxiired  in  the  recovery  factor  is  ±20%. 

The  sensing  elements  used  are  nearly  always  re¬ 
sistance  thermometers  shaped  as  a  flat  plate  or  a  tube.  To  insure  rapid 
response,  the  resistance  wire  is  usually  in  direct  contact  with  the  air.  It  is 
however,  surrounded  at  some  distance  by  a  shield  which  prevent  heat  radia¬ 
tion  effects. 

At  higher  airspeeds,  the  accuracy  with  which  the 
recovery  factor  can  be  determined  becomes  too  low  for  the  accurate  calcula¬ 
tion  of  the  temperature  correction,  which  rises  to  more  than  40“ C  at  M=l. 

At  those  speeds,  stagnation  temperature  probes  are  used,  in  which  the  sen¬ 
sing  element  is  mounted  inside  a  stagnation  chamber  which  is  open  in  the 
direction  of  flight,  so  that  it  is  fully  surrounded  by  air  which  is  very  nearly 
at  stagnation  temperature.  Recovery  factors  of  better  than  0.  99  can  be  attained 
by  careful  design.  Special  care  must  be  taken  that  the  heat  losses  from  the 
stagnation  chamber  by  conduction  and  radiation  are  very  small. 

Resistance  thermometers  are  often  used  in  stagnation 
temperature  probes,  but  they  have  the  disadvantage  that  they  dissipate  a  rela¬ 
tively  large  amount  of  heat  into  the  small  stagnation  chamber.  This  must  be 
taken  away  by  a  larger  amount  of  flow  through  the  chamber.  Therefore,  ther¬ 
mocouples  are  sometimes  preferred  because  they  produce  much  less  heat.  A 
great  advantage  of  the  stagnation  thermometer  is  that  the  difference  between 
"wind  tunnel"  and  "flight  test"  recovery  factors  becomes  negligible  (See  equation 
3-3  for  e-+-l),  so  that  the  recovery  factor  can  be  determined  once  and  for  all  by 
any  one  of  the  available  methods.  It  should  be  noted  here  that  equation  (3-2)  ap¬ 
plies  in  subsonic  and  supersonic  flows,  even  if  the  probe  is  placed  behind  shock 
waves  produced  by  the  aircraft. 

Large  errors  may  result  from  using  the  two  above- 
mentioned  types  in  air  supersaturated  with  water  vapor  (so  that  water  may  con¬ 
dense  on  the  sensing  element)  and  under  icing  conditions.  Normal  flight  tests 
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will  hardly  ever  be  executed  under  these  circumstances,  but  they  will  pre¬ 
vail,  e*  g.  ,  during  tests  to  study  ice  accumulation  on  aircraft.  In  these 
cases,  a  reverse-flow  thermometer  maybe  used.  This  is  essentially  a 
reversed  stagnation  temperature  probe  which  is  open  to  the  wake  behind  the 
instrument  and  in  which  a  small  flow  is  induced  in  a  direction  contrary  to 
that  of  the  main  flow  around  the  aircraft.  The  probe  has  a  low  recovery 
factor  (about  0.  65)  which  is  not  very  constant,  but  it  has  been  foimd  to  func¬ 
tion  well  even  under  extreme  icing  conditions. 

For  all  previously  mentioned  types,  the  ambient 
air  temperature  has  to  be  calculated  from  the  measured  temperature,  the 
Mach  number  and  the  recovery  factor.  The  vortex  thermometer,  however, 
can  be  adjusted  to  indicate  the  ambient  air  temperature  directly.  In  this 
device,  the  so-called  Ranque-Hilsch  effect  is  used,  which  states  that  the 
temperature  in  the  core  of  a  vortex  decreases  with  increasing  speed  of  ro¬ 
tation  of  the  vortex. 

The  probe  consists  of  a  tube  placed  perpendicularly 
to  the  flight  direction,  in  which  a  vortex  is  generated  by  introducing  stag  na¬ 
tion  pressure  through  a  tangentially  placed  intake.  By  changing  the  surface 
of  the  intake  hole,  the  speed  of  rot  ition  can  be  adjusted  so  that  the  axially 
placed  sensing  element  indicates  ainbient  air  temperature. 

(2)  Temperature  Measurements  in  Engines 

Temperature  measurements  in  reciprocating 
engines  are  hardly  of  importance  in  flight  testing.  Cylinder  head  thermo¬ 
meters  of  the  thermocouple  type  (usually  copper-constantan)  are  used  to 
check  engine  cooling,  but  are  not  essential  in  the  assessment  of  aircraft  per¬ 
formance  and  stability.  Ambient  air  temperature,  the  measurement  of  which 
is  discussed  in  the  previous  paragraphs,  is  the  only  temperature  which  in¬ 
fluences  engine  performance. 

In  turbine  engines,  the  temper  ature  of  the  combus¬ 
tion  gases  in  the  jet  pipe  is  of  primary  importance  both  for  the  engine  control 
and  for  the  determination  of  the  engine  performance.  The  measuring  problems 
encountered  here  are  similar  to  those  of  ambient  air  temperature  measure¬ 
ment  in  that  the  thermometer  is  exposed  to  a  high-velocity  gas  stream;  however 
there  are  some  complications,  as  follows: 

(1)  The  temperatures  encountered  are  very 
much  higher  (of  the  order  of  IDOO'C  in 
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(2) 


normal  jetpipes  and  up  to  2000" C  in 
afterburners). 

Radiation,  which  increases  with  the  fourth 
power  of  the  absolute  temperature,  re¬ 
duces  the  attainable  accuracy. 

Because  of  these  facts,  thermocouples  usually  of 
the  chromel-alumel  type,  are  universally  used  for  these  measurements. 
Thermocouples  used  for  the  control  of  the  engines  are  often  simply  placed 
in  the  gas  stream,  a.nd  engine  performance  is  given  as  a  function  of  the  in¬ 
dicated  temperatures.  For  the  accurate  assessment  of  engine  performance 
in  flight,  however,  the  true  temperature  of  the  gas  stream  must  be  mea¬ 
sured  so  that  recovery  factors,  radiation  losses,  and  time  constants  of  the 
instruments  used  miist  be  accurately  known.  A  large  amount  of  research 
is  being  expended  on  the  determination  of  recovery  factors  and  time  constant 
of  suitable  probes.  Radiation  shielding  is  achieved  by  using  multiple  metal 
or  ceramic  shields. 

(3)  Measurement  of  Surface  Temperature 

An  important  part  of  the  flight  testing  of  modern 
aircraft  is  expended  on  temperature  measurements  all  over  the  aircraft.. 

The  strength  of  the  main  structure  may  be  endangered  by  conduction  or  radia¬ 
tion  of  heat  from  the  engines  or  the  armam.ent,  by  the  impingement  of  engine 
jets  on  the  fuselage  or  tail  skin,  and  by  aerodynamic  heating  of  the  aircraft 
skin  at  very  high  Mach  numbers.  Moreover,  the  large  electric  currents  in 
electric  and  electronic  accessories  may  also  produce  so  much  heat  that  their 
service  life  is  dangerously  shortened.  In  most  of  these  cases,  surface  tem¬ 
peratures  must  be  measured  to  determine  that  the  limits  of  safety  are  not  being 
surpassed. 


following  demands; 


Sensing  elements  for  these  purposes  must  meet  the 


(1)  They  must  be  in  very  good  ttiermal  contact 
with  the  p.arts  whose  temperatures  are  to 
be  iTieasured, 

(2)  They  must  be  effectively  shielded  from  ra¬ 
diation  and  from  airflows  which  are  thc3  cause 
of  the  high  temperat\ires. 
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(3)  They  must  neither  weaken  the  structure  to 
any  appreciable  amount  nor  disturb  the  air¬ 
flow  around  it. 

The  construction  of  the  sensing  elements  largely 
depends  on  the  shape  of  the  structure  and  on  the  environmental  conditions. 
Both  resistance  thermometers  and  thermocouples  are  extensively  used. 
Thermocouples  have  the  advantage  that  they  may  be  brought  into  direct 
metallic  contact  with  the  structure  if  suitable  precautions  are  taken  in  the 
measuring  circuit.  Shielding  can  easily  be  provided  by  pieces  of  asbestos 
cloth  or  similar  materials  glued  to  the  sensing  element. 

A  very  convenient  method  which  may  produce  very 
good  results  is  the  use  of  paint  or  crayon  streaks  which  change  color  or  sub¬ 
stance  when  heated  above  a  certain  temperature.  Maximum  temperatures 
can  be  indicated  in  this  way  at  intervals  of  about  S°C,  in  the  range  of  about 
50  -  150“C,  and  at  grea(:er  intervals  up  to  about  800“C- 

(4)  Thermostats 

Many  instruments  require  a  constant  temperature 
if  accurate  results  are  desired.  Examples  are  piezoelectric  transducers 
(barium-titanate),  the  sensitivity  of  which  changes  appreciably  with  tem- 
peraturcj  and  instruments  using  oil  as  a  damping  medium,  the  viscosity  of 
which  varies  with  temperature.  These  instruments  may  be  enclosed  by  an 
insulating  case  in  which  a  constant  temperature  somewhat  above  the  highest 
ambient  temperature  is  maintained  by  an  electric  heating  coil  controlled  by 
a  thermostat. 


The  most  generally  used  type  of  thermostat  is  a 
device  consisting  of  a  bimetal  strip  which  closes  a  heater  circuit  when  a  tem¬ 
perature  falls  below  the  preselected  value,  and  breaks  the  circuit  when  this 
temperat\ire  is  exceeded.  For  aircraft  applicatii^ns ,  bimetals  with  snap 
action  are  often  used,  in  which  contact  is  made  or  broken  by  a  quick  and  re¬ 
latively  large  displacement  of  the  moving  contact  surface.  In  this  way, 
contact  chatter  due  to  vibrations  at  near-contact  temperatures  is  prevented, 
so  that  contact  wear  and  radio  interference  are  much  reduced.  A  disadvan¬ 
tage  of  this  type  is  that  there  is  a  small  difference  between  the  temperatures 
at  v/hich  contact  is  made  and  broken  so  that  temperature  constancy  generally 
is  less  than  in  the  normal  type. 
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3-4 


MISSILE  APPLICATIONS 


a.  General 

Missile  measurements  by  way  of  transducers  and  telemetry 
systems  may  be  divided  into  the  general  classes  shown  in  Figure  3-1,  Each 
of  these  classes  involves  a  large  number  of  individual  types  of  measurements. 


Fig.  3-1,  Missile  Measurements 

For  example,  propulsion  measurements  include  fuel  level,  fuel  quantity, 
flow  rate,  fuel  temperature,  tank  pressures,  fuel  pump  pressure,  motor 
chamber  pressure,  thrust,  coolant  temperature,  turbine  rpm,  flame 
shield  temperature,  currents  through  solenoid  valves,  and  many  others. 
Furthermore,  each  measurement  type  may  involve  two  or  more  ranges 
which  must  be  instrumented  by  individual  transducers.  By  way  of  exam¬ 
ple,  Table  3-4,  and  Figures  3- 3  and  3-4  are  presented  to  show  some 
transducer  applications  in  aerodynamic  and  ballistic  mis.siles. 
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As  explained  in  the  introduction  to  this  section, 
it  has  not  been  possible  to  compile,  write  and  edit  a  thorough  text  on 
transducer  applications.  The  following  material  is  limited  in  scope  in 
that  it  applies  primarily  to  some  of  the  work  which  has  been  carried  out 
by  the  Army  Ballistic  Missile  Agency. 

b.  Environmental  Measurements  (Ref. 243) 


(1)  Temperature 

Four  principal  temperature  measurement  areas 
normally  required  are:  (1)  surface  or  skin  (2)  temperatures  resulting  from 
rocket  engine  exhaust  (3)  propellant,  and  (4)  ambient  air  at  various  criti¬ 
cal  points  within  the  missile.  Four  types  of  gages  may  be  used  for  tem¬ 
perature  measurements:  resistance  thermometers,  thermistors,  thermo¬ 
couples,  and  thermopiles. 

(a)  Resistance  Thermometers 

Early  in  the  history  of  telemetry,  resis¬ 
tance  thermometers  of  platinum  wire  with  ceramic  backing  were  used 
where  low-range  surface  measurements  were  required.  The  adapters 
used  to  convert  outputs  to  values  suitable  for  telemetry  were  very  crude. 
There  was  no  amplification,  and  only  deflection-type  Wheatstone  bridge 
circuits  were  used.  Where  temperature  ranges  were  high,  special  types  of 
resistance  thermometers  were  required.  These  were  usually  very  fragile 
and  difficult  to  work  with,  and  many  temperature  ranges  could  not  be  covered 
adequately. 


While  the  resistance  thermometer  was  help¬ 
ful  in  obtaining  certain  measurements,  its  use  was  limited  to  temperatures 
below  800* C,  Its  fragility  was  a  definite  problem;  however,  resistance 
thermometers  are  still  widely  used  to  measure  aerodynamic  heating  effects. 
For  measuring  skin  temperatures,  they  are  generally  made  of  nickel  wire 
a  little  larger  than  0.  001  inches  in  diameter.  Some  are  backed  with  silicone 
rubber  and  are  simply  damped  to  the  missile  skin.  The  upper  limit  of 
measurement  for  this  particular  device  is  about  500" C  because  of  the  tem¬ 
perature  limits  of  the  insulating  material. 


243  "Measurement  and  Telemetry  Systems  for  Missiles,  " 
Missile  Agency,  Vitro  Engineering  Co.  ,  Report  No.  2331-2-59, 


Army  Ballistic 
pp.  8-17. 
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Table  3-4,  Transducer  Applications  in 
Aerodynamic  Missile  Test 
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Transducer  Applications  in  an 

Aerodynaraic  Missile  Test  Program  (continuation) 
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mary  Manifold 


TANK  DIFFERENTIAL - 

PRESSURE  TRANSDUCER 


ENGINE  PERFORMANCE - 

TELEMETERING  PACKAGE 
Fuel  Ratio 
Fuel  Ratio 

Combustion  Pressure 
Turbine  Pressure 


LINEAR  TRANSDUCER  (Sustainer - 

Actuator  Autopilot  Feedback) 


ROTARY  TRANSDUCER  (Vernier 
Actuator  Telemetering  Pickoff) 


TANK  DIFFERENTIAL  PRESSURE - 

TRANSDUCER  (For  Contri:  1  Console 
Indication  or  Readout  and  Telemetering) 


TELEMETERING  PACKAGE  (Booster - 

it  Vernier  Actuator  Position) 

Booster  Pitch  Tclcmeterin*;  Translator 
Booster  Yaw  Telemetering  Triinslator 
Vernier  Pitch  'I'ciemetcririg  Translator 
(from  linear  transducer) 


PRESSURE  TRANSDUCER  (Autopilot 
Actuator  Feedback  Daniping) 


PRESS  UHE  TRANSDUCER 


ROTARY  TRANSDUCER  (Valve 
Position  Pickoff) 


LINEAR  TRANSDUCER  (Verni>r 
Actuatoi  Serve  Pickoff) 


ROTARY  TRANSDUCER  (Control 
Surface  Pickoff) 


PRESSURE  TRANSDUCER 
(Propellant  Mt>tion) 


TANK  LEVEL  TELEMETERING 
TRANSLATOR 

ACCELERATION  FACTOR  TELEMETERING 
TRANSLATOR 

TEMP E R ATU R E  TELEMETER ING 
TRANSLATOR 


PRESSURE  transducer 
(Propellant  Motion) 


-  ENGINE  PERFORMANCE  TELEMETERING 
PACKAGE 

F'ucl  Ratio  Telometering  (Fuel) 

Fuel  Ratio  Telemetering  (Oxtdificr) 

Combustior  Pressure 


ROTARY  TRANSDUCER  (Projjeliaiit 
Valve  Pickoff) 


ROTARY  TRANSDUCER  {Booster 
Gimbal  Pickoff,  Ground  Monitoring) 


—  ROTARY  TRANSDUCER  (Gimhal 
Autonilot  I'ecdback) 


LINEAR  TRANSDUCER  (Vernier 
Gionnd  Moriituring  Iustxuniciitai.*un) 


LINEAR  TRANSDUCER  (Veinier 
Actuator  Servo  Pickoff) 


Fig,  3-4,  A  Typical  Missile  Configuration  Showing  Representative 
Applications  of  Transducers 
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(b)  Thermocouples 


The  low  output  voltage  from  a  thermocouple 
requires  amplification  before  it  can  be  used  as  an  input  signal  to  the  air¬ 
borne  telemetry  system.  Amplification  may  be  accomplished  through  use 
of  dc  amplifiers  or  chopper -amplifiers.  These  intermediate  circuits  are 
often  called  "signal  conditioners.  "  How^.or,  it  should  be  noted  that  this 
terminology  applies  to  all  types  of  circuits  which  are  used  to  convert  trans¬ 
ducer  output  signals  to  a  form  (e.  g.  ,  voltage  level,  ac  to  dc  conversion, 
etc.  )  which  is  compatible  with  the  input  requirements  of  the  telemetry  sys¬ 
tem. 

Thermocouples  are  normally  used  where  the 
temperature  change  will  produce  an  output  large  enough,  after  being  ampli¬ 
fied,  to  cover  the  0-5  volt  dc  range  of  the  telemetry  system  input.  Normally 
this  means  temperature  spans  greater  than  300*.  An  example  would  be  tem¬ 
peratures  measured  on  missile  skins  subjected  to  aerodynamic  heating. 
Thermocouples  used  for  this  purpose  are  welded  directly  to  the  skin. 

The  use  of  thermocouples  for  missile  tem¬ 
perature  measurement  involves  the  choice  of  a  location  for  the  reference 
or  cold  junction,  which  must  preferably  be  at  a  low  fixed  temperature,  to  in¬ 
crease  the  over-all  range  of  the  device.  This  is  done  very  easily  in  the 
laboratory  by  placing  the  reference  junction  in  an  ice  bath.  This  is  obviously 
impractical  for  missile  applications.  To  solve  this  problem,  ABMA  developed 
the  "zone  box"  which  is  a  device  for  providing  an  artificial  reference  junction 
temperature  for  each  thermocouple  and  eliminates  the  use  of  long  thermocouple 
leads. 

(c)  Thermopiles 

In  some  cases,  the  output  of  a  thermocouple, 
even  after  amplification  does  not  have  an  output  in  the  0-5  volt  range  necessary 
for  compatibility  with  the  telemetry  system.  VV'ilh  a  thermopile  composed  of 
two  thermocouples,  it  is  possible  to  get  twice  the  output  of  a  single  thermo¬ 
couple.  Therm.opiles ,  however,  cannot  be  used  if  the  thermocouple  junctions 
are  joined  to  the  missile  skin.  In  such  an  instance,  a  resistance  thermometer 
is  often  preferred. 

(d)  Thermistors 

Thermistors  are  thermally  sensitive  resistors 
that  exhibit  a  resistance  change  of  about  4%  per  degree  Centigrade  at  room 
temperature. 
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The  high  temperature  coefficient  of  ther¬ 
mistors,  about  ten  times  that  of  typical  metals,  makes  these  devices  use¬ 
ful  for  temperature  measurement.  The  temperature  coefficient  of  a  ther¬ 
mistor  is  negative;  that  is,  the  resistance  of  a  thermistor  decreases  as 
temperature  increases. 


Thermistors  are  particularly  useful  to 
cover  narrow  ranges  of  measurements  at  extreme  temperatures,  such  as 
those  of  LiOX,  which  normally  vary  from  minus  185  to  nainus  170®C.  At 
these  temperatures,  thermocouples  and  resistance  thermometers  do  not 
have  sufficient  output  after  amplification  for  the  0-5  volt  measuring  range. 
Fuel  and  air  conditioning  temperature  measurements  also  require  the  use 
of  thermistors. 


(2)  Vibration 

Transducers  which  are  commonly  used  in  missiles 
for  the  measurement  of  vibration  are  the  unbonded  strain-gage  type,  the 
piezoelectric  type,  and  the  velocity  (magnetic)  type. 

(a)  Unbonded  Strain-Gage  Vibration  Transducer 

One  type  of  strain  gage  transducer  is  shown 
in  Figure  3-5  wherein  four  equal  length  strain-sensitive  wire  filaments  are 
attached  between  a  stationary  frame  and  a  movable  mass.  The  filaments 
are  connected  to  form  a  Wheatstone  Bridge  circuit  as  shown  in  Figure  3-6. 
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Fig.  3-5  Strain  Gage  Vibration  Transducer 
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Fig.  3-6,  Strain  Gage  Circuit 

This  transducer  is  used  to  sense  low-frequency- 
vibrations  within  the  range  of  0-300  cps.  When  the  mass  is  at  rest,  the  bias 
voltage  causes  a  2.  5-volt  output  of  the  amplifier.  The  bias  is  necessary  to 
prevent  the  transducer's  output  from  going  negative,  because  the  direction  of 
vibration  is  both  plus  and  minus. 

(b)  Piezoelectric  Transduc  ers 

This  self-generating  transducer  type  is  used  to 
measure  vibrations  in  the  approximate  range  of  10  cps  to  2  kcs.  They  have  a 
high  output  impedance  and  a  cathode  follo-wer  is  necessary  for  impedance 
matching  purposes.  The  application  of  piezoelectric  material  in  cantilever 
beam  construction  had  been  used  to  develop  an  extremely  light  weight  low 
cost  vibration  transducer  (Ref.  244).  Barium  titanate  crystals  were  em¬ 
ployed  and  final  design  yielded  a  device  of  approximately  0.  35  gram  using 


adhesive  cement  t-ype  mounting,  and  having  sensitivities  in  the  4  mv/g  range. 
Linearity  was  v/ithin  a  10%  variation  and  indications  of  easily  obtaining  2% 
or  less  variations.  Repeatable  frequency  response  of  ±1.  5  db  were  obtained. 
Lead  zirconium  v/as  also  tried  for  high  temperature  applications. 


244  Smith,  Thomas  D.  and  Spence,  Harry  R.,  "Designing  a  Lightweight 

Vibration  Transducer.  "  Parts  1  and  2,  Electronic  Industries  ,  January  and 
February,  1961. 
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'  (c)  Velocity  Vibration  Transducer 

This  transducer  t^'pe  is  used  to  measure  vibra- 
i  tion  frequencies  between  10  cps  and  2  kcps.  As  compared  with  the  accelero- 

;  meter  type  devices  which  are  dependent  ofn  the  magnitude  of  the  displacement, 

[  the  velocity  type  sensor  is  dependent  of  the  frequency.  A  wire  wound  core  is 

'  placed  between  two  permanent  magnets.  As  its  case  is  vibrated,  the  core  and 

I  wire  move  back  and  forth,  cutting  permanent  magnetic  lines  of  force  set  up  by 

the  magnets  and  inducing  a  voltage  in  the  coil  wire.  The  output  voltage  is  then 
calibrated  against  the  vibration  frequency.  This  device  does  not  require  a 
separate  power  source  since  the  voltage  induced  in  the  wire  is  caused  by  the 
magnetic  field  of  the  permanent  magnets. 

c.  Propulsion  Measurements  (Ref,  245) 

Some  of  the  transducers  which  are  used  in  propulsion 
measurements  are  flowmeters,  flowmeter  converters,  pressure  transducers, 
pressure  switches,  continuous  and  discrete  liquid  level  transducers,  and 
accelerometers.  The  operating  principles  of  several  of  tliese  transducers 
are  given  in  Section  II  of  this  volume. 

A  thrust  measuring  system  for  aircraft  engines  has 
been  designed  by  Schaevitz  Engineering  (Ref.  246,  247)  from  the  measurement 
of  engine  exhaust  nozzle  pressure  ratio.  The  system  is  intended  for  installa¬ 
tion  in  aircraft  and  gives  a  continuous  indication  of  gross  thrust,  both  on 
ground  and  in  flight.  It  consists  of  three  major  components:  a  servo-driven 
indicator,  an  analog  computer  and  a  pressure  probe  set.  The  computer 
receives  exhaust  nozzle  inlet  pressure,  and  ambient  pressure  from  an 
altimeter  line  or  other  source.  From  these  inputs  it  computes  gross  thrust, 
producing  an  electrical  signal  output  to  drive  and  position  the  indicator.  A 
pressure  rake  is  installed  in  the  engine  to  obtain  nozzle  inlet  total  pressure 
averaged  across  the  exhaust  gas  flow  path.  Theory  of  operation  and  compu¬ 
tational  analysis  on  the  Thrustmeter  System  is  presented  in  detail  in  the 
Appendix  IV- 3  Thrust  Fundamentals. 


245  Same  as  Ref.  243,  pp,  23-29 

246  System, Thrustmeter,  Aircraft  Engine,  WADC  Technical  Report 
No.  53-302,  November  1953 

247  A  Flight  Thrustmeter  for  Turbo-Jet  Engines,  Schaevitz  Engineering 
TR-lOO,  November  1961 
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(1)  Flowmeter  Converter 

In  the  turbine  type  flowmeter,  the  output 
signal  is  usually  in  the  form  of  electrical  pulses  or  a  sinusoidal  voltage 
whose  frequency  is  proportional  to  the  flow  rate.  For  normal  flow  rates, 
the  frequency  may  be  300  cps  or  greater.  Because  of  the  large  amount  of  data 
which  must  be  carried  on  high  frequency  channels,  it  is  sometimes  desirable 
to  use  a  lower  frequency  channel  for  flowmeter  signals.  In  such  cases,  an 
electronic  count-down  circuit  maybe  \ised  to  lower  the  frequency  to  the 
desired  value. 


(Z)  Pressure  Transducers 

Many  pressure  transducers  used  in  connection 
with  propulsion  measurements  are  Bourdon-tube  type  pressure  transducers. 
They  are  used  to  measure  pressures  ranging  from  100  to  3500  psig.  Pressure 
measurements  below  100  psi  are  often  made  with  a  capsule  type  transducer.  A 
lever  attached  to  the  movable  end  of  the  tube  or  capsule  actuates  a  wiper  sweep 
ing  over  a  standard  5 -volt  wire -wound  potentiometer,  thus  giving  a  dc  output 
corresponding  to  the  pressure.  Since  this  measurement  does  not  require 
a  high  frequency  response,  it  is  the  most  direct  method  of  obtaining  the  pres¬ 
sure  information. 


(3)  Pressure  Switches 

In  many  cases,  a  spiral  type  Bourdon  tube  is 
used  in  pressure  switches  to  obtain  a  large  actuating  force  per  unit  pressure. 
The  spiral  normally  has  4,  6,  or  8  turns,,  depending  on  the  actuating  force 
necessary.  When  the  pressure  attains  a  predetermined  value,  the  Bourdon 
tube  opens  of  closes  a  relay  which  in  turn  energizes  some  other  device  such 
as  a  pressure  regulator.  Only  the  opening  or  closing  of  the  relay  is  teleme¬ 
tered;  and  as  this  is  an  on-off  type  measurement,  it  is  normally  superimposed 
on  another  measurement. 


/  A  \ 


V**/ 
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One  of  the  ABMA  methods  of  continuous  level 
measurement. uses  a  transducer  consisting  of  a  long  cylindrical  capacitor 
open  at  both  ends  and  standing  on  end  in  the  liquid,  which  serves  as  the  di¬ 
electric.  The  gage  forms  one  leg  of  a  balanced  bridge.  As  the  liquid  level 
falls,  the  total  dielectric  value  changes  and  the  bridge  becomes  unbalanced. 
The  unbalance  signal  is  amplified  and  transmitted  to  a  servo  motor  which 
drives  the  balance  potentiometer  and  continuously  re-balances  the  bridge. 
The  output  is  in  the  0-5  volts  range  for  telemetering. 
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Level  Monitor  System 


Figure  3-7  depicts  a  discrete  point  liquid  level 
measuring  installation  using  an  optical  system  similar  to  that  described 
on  pages  175  --  177  of  this  volume  (Ref.  248), 

As  previously  discussed  in  SecMo;.:i  II  under 
Thrust  Measurements,  many  propulsion  relationships  ii'o^olvc  acceleration 
measurements.  A  performance  report  (Ref.  249)  evaluated  atypical 
linear,  seismic  type  accelerometer.  The  instrument  tested  was  the 
Conner  Model  4310.  This  device  is  comprised  of  a  seismic  system.,  position- 
error  detector,  restoring  mechanism,  and  servo-error  signal  amplifier. 

This  type  device  is  small,  moderately  accurate, 
low  power  consumption  and  readily  available.  Tests  indicated  adequate 
operation  for  many  missile  and  space  applications  to  measure  acceleration, 
velocity  (integrate  output  over  a  period  of  time  for  trajectory  calculations, 
sensing  pre-set  acceleration  levels  to  generate  a  shut- off  signal  for  control 
as  well  as  indication  of  performance  of  rocket  engines. 

Of 

interest  to  aerospace  instru¬ 
mentation  is  the  application 
of  the  photoresistive  techni¬ 
que  to  produce  a  high  output 
accelerometer.  (Ref.  250) 

Data  Sensors,  Inc.  has  de¬ 
signed  such  a  device  with  a 
microminiature  light  source, 
a  cantilever  pendulum  acting 
as  a  shutter  and  two  photo 
transistors.  Fig.  3-8 
illustrates  the  operating 
principle . 


248  Same  as  Reference  168,  pp.,  8-18 

249  Judge,  H.  R.,  Performance  of  Donner  Linear  Accelerometer 
Model  4310,  Space  Technology  Laboratories,  Inc.,  STL/TN  60-  0000-09117, 
June  I960 

250  "The  Photo  Transducei-A  General  Description",  Data  Sensors,  Inc 
Technical  Bidletin 
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Figure  3-8  Accelerometer -Data  Sensors,  Inc. 


An  excitation  of  10  volts  will  produce  a  ±2.5  volt  or 
0-5  volt  signal  for  operation  directly  into  telemetry  systems.  Excitation 
voltages  as  liigh  as  100  volts  may  be  used  to  obtain  higher  output  signals. 
Units  have  been  packaged  in  as  little  as  1.3  cubic  inches,  weighing  approx¬ 
imately  2  ounces.  Extremely  small  movement  of  cantilever  pendulum  acting 
as  a  shutter  to  modulate  light  results  in  reported  high  natural  frequency 
characteristic  and  very  low  (0.25%)  hysteresis  figure. 

d.  Angle  of  Attack  Measurements  (Ref,  251) 

Attitude  is  measured  by  angle  of  attack  transducers. 
Three  types  are  the  free  air  stream  type,  local  drag  vane  type,  and  the 
local  probe  type . 


(1)  Free  Air  Stream  Type 

The  free  air  stream  type  transducer  is  mounted 
on  a  boom  at  the  top  of  the  missile.  This  device  has  four  vanes  which 
keep  the  probe  aligned  in  the  air  stream.  Because  this  device  is  located  in 
the  free  air  stream  it  is  unaffected  by  turbulence  which  exists  around  the 
body  of  the  missile  during  flight.  The  vane's  are  attached  to  a  universal 
mounted  ogive.  When  the  vanes  are  displaced  by  wind  forces,  two  wipers 
move  across  two  potentiometers  causing  the  outputs  to  vary  accordingly. 
Pitch  and  yaw  may  be  accurately  determined  by  using  this  device.  In 
some  cases,  a  static  probe  is  used  at  the  front  of  the  free  air  stream  type 
meter  to  determine  the  static  air  pressure.  Data  for  one  such  transducer 
is  included  in  Volume  II  of  this  Handbook. 
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Ijocal  Drag  Vane  Type 


This  type  of  angle  of  attack  transducer  has  a 
vane  at  the  end  of  an  arm  which  is  mounted  so  as  to  be  in  the  airstream 
around  the  nose  of  a  missile  (See  Volvime  11  of  this  Handbook).  A  po¬ 
tentiometer  or  synchro  may  be  mechanically  linked  to  the  arm  to  give 
a  signal  which  is  proportional  to  the  angular  displacement  of  the  arm. 

(3)  Local  Probe  Type 

Local  probe  angle  of  attack  transducers  are 
normally  flown  in  groups  of  four:  two  for  yaw  and  two  for  pitch.  They 
consist  of  a  probe  having  two  slots  placed  80“  apart.  Differential  pres¬ 
sures  between  each  of  these  slots  is  a  result  of  the  angle  of  attack. 
Pressure  is  directed  into  these  slots,  and  fed  into  an  inner  chamber  di¬ 
vided  into  two  parts  by  a  butterfly  valve.  J£  the  pressure  increases  in 
one  slot  and  decreases  in  the  other,  a  differential  pressure  exists  on 
each  side  of  the  butterfly  valve.  This  valve  moves  until  the  pressure  on 
both  sides  are  equal  and  the  80“  slots  on  the  probe  are  again  lined  up  in 
the  air  stream.  The  motion  of  the  butterfly  valve  and  probe  is  converted 
into  an  electrical  signal  through  a  potentiometer  wiper  connected  to  the 
shaft  of  the  valve. 

3-5  TRANSDUCERS  FOR  RE-ENTRY  BODIES  (Ref.  25Z) 

The  transducers  discussed  in  the  following  paragraphs  have  been 
recommended  in  the  above  listed  reference  for  use  in  re-entry  bodies  and 
other  high-speed  vehicles  wherein  high  temperatures  are  encountered. 
Some  of  the  devices  are  still  in  the  development  stage  while  others  have 
been  proven  satisfactory  in  high-speed  flight. 

a.  Temperature  Measurement 

P’or  high-speed  vehicles,  the  Tungsten-Ir‘  .  thermo- 
co  jple  is  suitable  for  the  measurement  of  stagnation  temperature  and  a 
thin  metal  resistance  thermometer  may  be  employed  for  surface  tempera¬ 
ture  measurements  other  than  stagnation. 


252  Wacholder,  B.  V,  and  E.  Payer,  Study  of  Instrumentation  and 
Techniques  for  Monitoring  Vehicle  and  Equipment  Environments  at  High 
Altitude s ,  Radio  Corporation  of  America,  WADC  TN  59-307,  Vol,  III, 
pp,  33-45, 
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(1) 


Tungsten-Iridium  Thermocouple 


Tungsten-Iridium  thermocouples  are  capable  of 
satisfactory  performance  in  the  temperature  range  of  3000”  to  4000”F. 
They  have  good  repeatability  characteristics  and  an  accuracy  on  the  order 
of  ±5%.  The  only  significant  drav/back  is  their  relative  instability  in  the 
presence  of  oxygen.  With  proper  insulation  and  protection,  these  thermo¬ 
couples  can  be  designed  to  function  for  lengthy  periods.  Temperature  re¬ 
sponse  of  2000”  in  a  few  seconds  have  been  obtained  with  the  bare  thermo¬ 
couple.  Insulation  from  oxidative  atmosphere  will  reduce  the  response 
time  somewhat. 


Protection  of  the  thermocouple  from  oxidation 
and  corrosion  may  be  accomplished  in  several  ways  .  The  usual  methods 
include  gas  tight  metallic  or  ceramic  wells  or  tubes.  An  ideal  method 
would  be  to  make  the  thermocouple  an  integral  part  of  the  surface  material 
and  located  just  below  the  surface  in  order  to  minimize  response  time. 
Another  method  would  be  to  locate  the  thermocouple  in  a  groove  and  cover 
it  with  a  thin  sheet  of  surface  material.  Available  ceramic  bonding  cements 
are  good  to  2000“ F.  Another  method  of  attachment  makes  use  of  a  small 
disk  of  the  skin  material  as  one  half  of  the  thermocouple  junction.  The  disk 
is  electrically  insulated  from  the  vehicle  by  a  ceramic  insulator. 

(2)  Thin  Film  Resistance  Thermometer 

Thin  film  resistance  thermometers  are  well  suited 
for  monitoring  temperatures  at  critical  structural  regions  because  of  their 
rapid  response  (on  the  order  of  microseconds),  size  (in  the  order  of  1/10 
micron  thick),  and  sensitivity  (temperature  fluctuations  of  less  than  1*F). 

They  are  about  75  times  more  sensitive  than  thermocouples  and  their  sensi¬ 
tivity  can  be  varied  by  varying  the  energizing  current  in  the  film.  Further, 
they  are  easier  to  install  than  the  thermocouple  and  do  not  require  a  reference 
junction  or  reference  temperature  measurement. 

Resistance  thermometers  constructed  of  platinum 
paint  on  a  glass  insulator  have  given  satisfactory  performance  in  the  tempera¬ 
ture  range  of  200“  to  300“F  (Ref.  253).  The  main  problem  in  the  use  of  thin 
film  resistance  thermometers  is  that  of  providing  a  suitable  bond  between  the 
insulator  and  the  surface  to  be  measured. 


253  Vidal,  Robert  J.  ,  "A  Resistance  Thermometer  for  Transient  Surface 
Measurements,  '■  Cornell  Aeronautical  Laboratory,  Inc.  ,  presented  at  the  ARS 
Meeting,  September  24-26,  1956,  Buffalo,  New  York. 
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b. 


Pressure  Measurement 


(1)  Dynamic  Pressure  jLoading  (Ref.  254) 

The  impact  pressure  transducer  offers  an  attrac¬ 
tive  niCcins  for  monitoring  surface  pressures  on  a  hyper-velocity  re-entry 
vehicle.  The  diaphragm  of  this  transducer  is  an  integral  part  of  the  vehicle's 
surface  and  it  is  capable  of  sensing  impact  pressures  to  several  hundred  psi. 

In  the  application  and  fabrication  of  this  transducer, 
a  surface  hole  is  located  at  the  point  where  the  pressure  is  to  be  measured. 

A  tailored  plug  is  inserted  in  the  hole  and  plated  simultaneously  with  the  rest 
of  the  surface,  except  for  a  thin  annular  ring  around  the  outside  edge  of  the 
plug's  end.  In  this  manner,  a  rigid-center  fixed-edge  diaphragm  is  produced 
and  a  mechanically  stiff  combination  results  in  small  surface  deflections  with 
corresponding  deformations  distributed  over  the  entire  plug  area.  Deflections 
are  on  the  order  of  microinches.  A  piezoelectroci  crystal  may  be  attached  to 
the  diaphragm  for  sensing  the  deflection;  however,  this  has  the  undesirable  re¬ 
quirement  for  a  high  shunt  resistance  which  necessitates  the  use  of  an  elec¬ 
trometer  tube  which  is  subject  to  the  effects  of  shock  and  vibration. 

(2)  Internal-Pressure  Transducer 

The  detection  of  small  leak  rates  on  the  order  of 
0.  005  psi/ sec  (0.  254  mm  Hg/ sec)  may  be  a  realistic  requirement  in  some 
re-entry  and  space  vehicles.  The  Haven's  Cyclic  Pressure  Gage  (Ref.  255)  is 
attractive  for  this  purpose  because  it  is  rugged,  has  a  small  volume,  and 
covers  the  range  from  atmospheric  pressure  down  to  less  than  10“5  mm  Hg. 

The  gage  works  on  the  principle  that  an  ac  signal  can 
be  obtained  from  a  dc  pressure  transducer  by  cyclically  changing  the  pressure 
at  a  given  frequency.  The  ac  signal  amplitude  is  primarily  a  fmiction  of  pres¬ 
sure  alone.  The  gage  contains  two  bellows  which  are  each  open  to  the  pressure 
to  be  measured  through  a  small  hole  (approximately  0.  5  mm  diameter).  They 
are  physically  driven  in  a  push-pull  manner  by  an  eccentric  shaft  attached  to 
a  small  electric  motor.  Resistance  wires  within  the  bellows  are  used  as 


254  Wrathall,  Taft,  "Measuring  Impact  Pressures  of  Re-entering  Missile 
Nose  Cones,  "  ISA  Journal,  Vol.  5,  No.  11,  November  1958. 

255  A  Study  of  Flight  Instrumentation  for  Vehicles  Operating  in  the  Fringe 
of,  or  Outside  of  the  Earth's  Atmosphere,  Vol.  IV,  "Investigation  of  Sensing 
Techniques,  "  Bell  Aircraft  Report  No.  6009-001,  WADC  TN  59-567,  Vol,  IV, 
Part  III. 
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sensing  elements.  Because  the  air  flow  to  and  from  the  bellows  is  restricted 
by  the  small  holes,  the  pumping  action  of  the  bellows  causes  the  gas  to  give 
up  heat  under  compression  and  to  take  in  heat  when  it  expands.  These  tem~ 
perature  variations  of  the  gas  cause  corresponding  changes  in  resistance  of 
the  sensing  elements  within  the  bellows  to  create  an  ac  signal.  The  tempera¬ 
ture  change  of  the  gas  (and  resistance  elements)  is  a  function  of  the  mass  of 
the  gas  and  hence  of  the  pressure. 

c.  Vibration  Measurement 

Vibration  caused  by  boundary  layer  and  power  plant  noise 
can  be  best  monitored  by  piezoelectric  vibration  transducers.  Frequencies 
up  to  4000  cps  demand  an  instrument  which  has  a  natural  frequency  of  at  least 
10  kc.  Transducers  are  available  with  sensitivities  up  to  50  mv/g.  Frequency 
response  from  one  cps  to  15  kc  is  t^qiical  of  commercially  available  units.  By 
use  of  high-temperature  materials,  the  piezoelectric  transducer  is  capable  of 
operating  continuously  at  temperatures  up  to  about  500“!'.  The  temperature 
range  may  be  extended  by  use  of  cooling  methods,  such  as  water  jackets. 

d.  Acoustic  Noise  Measurement 


The  condenser  microphone  is  well  suited  for  the  measurement 
of  acoustic  noise  in  high-speed  vehicles  where  very  high  temperatures  are  en¬ 
countered.  Condenser  microphones  work  on  the  principle  of  conversion  of 
mechanical  to  electrical  energy  via  an  electrostatic  field.  One  such  transducer 
is  constructed  of  stainless  steel  and  glass  compounds.  The  diaphragm  is  a 
clamped  glass  plate  whose  thickness  varies  from  0.  004  to  0.  013  inch,  depending 
on  the  required  sensitivity. 


Temperature  limitations  of  condenser  microphones 
are  imposed  by  the  physical  properties  of  cable  insulation.  Long-time  expo¬ 
sure  may  be  limited  to  approximately  300®F.  For  use  at  high  temperatures, 
a  probe  tube  may  be  threaded  onto  the  end  of  the  microphone  to  provide  a  point 
source  pickup.  By  using  a  heat  shield  between  the  source  and  the  microphone 
it  has  been  possible  to  operate  at  temperatures  as  high  as  1400*F,  Higher 
temperature  operation  may  be  possible  through  use  of  a  water  jacket  surrounding 
the  probe  tube. 


Due  to  the  high  impedance  of  condenser  microphones, 
it  is  necessary  to  use  an  impedance  transformer  device,  such  as  a  cathode 
follower.  Other  associated  equipment  includes  an  amplifier  and  a  power  sup¬ 
ply. 
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NASA  PHOTO  NO. 
6)-S3-l  (Delta  6) 

Fig. 3-9  S-3  (Delta  6)  Satel lite 

Upper  left;  The  Delta  is  more  than  40  miles  high  and  90  miles  dowrrange  when  the 
second  stage  fires.  Forty  seconds  later  explosive  bolts  tear  away  the  fairings  which 
enclose  the  S-3  satellite. 

Upper  light:  After  coasting  to  about  1300  miles  downrange  and  reaching  an  oltitude 
of  160  miles,  explosive  bolts  and  retro  rockets  separate  the  second  stage,  and  the 
third  stage  is  spun  up  and  fired. 

Lower  left;  Yo-yo  weights  despin  the  third  stage  and  S-3  satellite,  and  exhoust 
gases  di'^sipate,  during  a  24-minute  coast  after  third  stag?  L  rnout,  which  occurs 
almost  2000  miles  from  Cape  Canoveral  when  the  engine  and  S-3  are  traveling  at 
a  velocity  of  more  than  24,000  miles  per  hour. 

Lov.ei  right:  The  four  solar  paddles  are  released  when  an  explosive-actuated  cutter 
severs  a  nylon  lanyard  after  the  coast  period.  The  Delta's  third  stage  is  separated 
from  the  S-3  by  explosive  bolts  and  a  spring  mechanism. 
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3-6 


SATELLITES  AND  SPACEPROBES 


a.  General 


The  following  material  pertaining  to  instrumentation 
and  data  telemetering  from  space  vehicles  is  presented  as  examples 
of  present  and  future  requirements  which  will  be  imposed  on  the 
scientist  and  engineei'. 

From  statistics  prepared  by  NASA  (Ref.  Z5  6)  a  list  of 
United  States  and  Russian  satellites,  lunar  probes,  and  space 
probes  during  period  1957  to  June  I960  is  presented;  and  where 
known,  an  indication  of  their  payload  instrumentation  function  is 
stated.  See  Table  3-5. 

Table  3-6  lists  minimum  instrumentation  requirements 
for  a  manned  orbital  type  space  vehicle.  {Ref.  257).  For  initial 
flight  tests,  the  instrumentation  system  should  provide  useful  and 
detailed  information  concerning: 

1.  The  mechanical,  aerodynamic,  and  thermodynamic  integrity 
of  the  vehicle. 

2.  The  operation  of  the  control,  guidance  and  navigation 
systems. 

3.  Environmental  factors  related  to  human  existence 
and  performance. 

4.  The  psychological  and  physiological  functions  of  the 
pilot  (passenger). 

As  the  program  progresses  and  many  orbital  flights  with 
successful  returns  are  made,  the  functioii  of  the  instrumentation  of 
tne  vehicle  will  change.  Accumulating  engineering,  physiological, 
and  psychological  data  will,  for  the  greater  part,  l>e  changed  to 
monitoring  the  integrity  of  the  space  vehicle  and  the  well-being  cf 
man.  As  basic  information  is  gained  and  new  problems  are  encountered, 
nev,'  instrumentation  requirements  will  be  added.  For  some  time  to  come, 
however,  each  trip  or  orbit  can  be  considered  a  new  exploration. 


256  NASA  Authorisation  for  Fiscal  Year  1962,  Part  2 

257  Ellis,  A.  B.  ,  "An  Airborne  Data  Collection,  Telemetering 
and  Ground  Data  Processing  System  for  Development 
Flight  Test  of  an  Orbital  Type  Space  Vehicle.  ''  National 
Telemetering  Confei'cnce,  I960 
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NASA  PHOTO  NO. 
61  -M~Scout~4 

conception  of  the  Mercury-Scout  1  satellite  built  to  test 
froiect  ^rcury  s  world-wtde  tracking  network.  The  cigor -shaped  vehicle  contains 
transmitting  and  receiving  equipment  similar  to  that  used  in  Mercury  spacecraft 
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Table  3-5 


United  States  and  Russian  Satellites  Lunar  Probes  and  Space  Probes,  1957  to  June  I960, 
(obtained  from  statistics  prepared  by  the  National  Aeronautics  and  Space  Administration) 


Name 

Type 

Sci 
Weight 
In  lbs . 

enlific  Instrumentation 

Experiments 

Results 

Spatnik.  I 

Russian  Satellite 

184 

Internal  temperatures,  pressures, 
and  other  data. 

Sputnik  II 

Russian  Satellite 

1 120 

Coainic  rays;  solar  ultraviolet 
and  X-radiation;  test  animal 
’•Laika'’  (dog);  temperatures: 
pressures. 

The  available  acceler- 
atioii'of  this  satellite  led 
to  the  discovery  of  signifi¬ 
cant  solar  influence  on 
upper  atmosphere  densities 

Vanguard 
(test  vel  i- 
cle  3) 

United  States 
Satellite 

3,  35 

Micrometeor  impact  and  geodetic 
measurements. 

Vehicle  lost  thrust  after 

2  secs,  and  was  consumed 
in  flames. 

L^rcplorer  I 

United  States 

Satellite 

18.13 

Cosmic  rays;  micrometeorites: 

(a)  microphone;  (b)  gages; 
temperatures:  internal,  rear  skm, 
front  skin,  and  nose  cone. 

Explorer  1  is  creaited  with 
what  is  probably  the  most 
important  satellite  dis¬ 
covery  of  the  International 
Geophysical  ^lear;  i.  e.  ,  a 
radiation  belt  around  the 
Earth  identified  by  Dr. 
dames  A.  Van  Allen,  head 
of  the  University  of  Iowa 
Pliysics  Department. 

Vanguard 
(test  vehi¬ 
cle  3  backup) 

United  States 
Satellite 

Same  as  Vanguard  (test  vehicle  3) 

After  a  successful  liftoff 
anr  57  eec.  of  flight,  a 
connection  between  units 
of  1st  stage  c'.  ntrol  system 
failed  to  function. 

Explorer  II 

United  States 

Satellite 

(X 

X 

UJ 

Cosmic  ray  count;  micronictcor 
impact  count;  cosmic  ray 
measurement. 

Last  stage  failed  to  ignite. 
Vehicle  did  not  achieve 
orbit. 

Vanguard  I 

United  States 
Satellite 

3.  25 

Temperatures  and  geodetic 
measurements . 

The  solar-powered  radio 
should  transmit  indefinite¬ 
ly.  'I’he  satellite  is  being 
used  for  more  exact 
determination  of  the  Earth's 
shape . 

Explorer  III 

United  States 
Satellite 

lb.  56 

Cosmic  rays  with  tape-recorder 
feature;  micronictoor  gages; 
tfcinpcralurcs,  (a)  skin  and  (b) 
iiite*  nal  • 

Ex]:)lorRr  yielded  vu*.<iahlc 
ata  on  the  radiation  belt 
oiscovered  by  Exj)lurcr  I 
as  well  as  data  on  itnicro- 
rncteor  impacts  (density 
of  cosmic-  dust)  and  internal 
and  exterriai  tornperatuve 
of  the  salellito. 

Vanguard 
(test  vehi- 
cl  a  5) 

Utiited  States 

Satellite 

21.5 

Measure  X-radiation  from  llic 

sun. 

Co:  11  pone  nt  mallunclitjn 
caused  failure  and  and 

3d  stages  impacted  1,  5Q0 
miles  from  haunch  site. 
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Table  3-5  --Continued 


Name 

Type 

Scientitic 

Weight 

In  lbs . 

Instrumertation 

Experime  nts 

R  esult  s 

Sputnik  III 

Russian  Satellite 

2.  925 

Atmospheric  pressure  and 
composition;  concentration  oi 
positive  ions;  satellite's  elec¬ 
trical  charge  and  tension  oi! 
earth  electrostatic  field;  tension 
of  earth’s  magnetic  field;  intensi¬ 
ty  of  sun's  corpuscular  radiation; 
composition  and  variations  of 
primary  cosmic  radiation;  distri¬ 
bution  of  photons  and  heavy  nuclei 
in  cosmic  rays;  micrometeors; 
temperature  measurements. 

V  ariguard 
vehicle  1 
(no  name} 

United  States 
Satellite 

21,5 

Solar  l.yman-Alpha  radiation 
and  space  environment. 

Malfunction  caused  failure. 

3d  stage  of  satciiitc  reached 
peak  altitude  of  2  200  miles 
and  traveled  7,  500  rnile-j 
from  Cape  Canaveral,  laud¬ 
ing  near  east  eoa-^t  tn  Union 
of  South  Africa . 

Vanguard 

(SLVZ) 

(no  name) 

United  States 
Satellite 

21.5 

Measurements  of  X-radiation 
from  the  sun. 

Second  st;3.ge  motor  cut  oU 

preniaturtlv  due  to  low 

chamber  pressure  and 
terminated  the  flight. 

Explorer  IV 

United  States 
Satellite 

25. 8 

Two  Geiger-MiJcUcr  counters 
and  2  scintillation  counters  to 
measure  corpuscular  radiation 
at  several  intensity  levels.  The 
subcarrier  oscillator  was  cali- 

t  .  >  . 

Ojic.wvst  give  IIILCIJIUI  ICliJ  pc  1  Cl  ' 

turc  measurements. 

Valuable  data  on  radiatio; 
belts  was  ^'’.cq.iired. 

No  name 

Untied  States 
Lunar  probe 

25 

Measurements  of  radiation 
ill  space;  magnetic  fields  of 

Earth  and  Moon;  density  of 
micrometcoric  matter; 
internal  temperatures; 
electronic  scanner. 

Engine  faTurrt  if.  l*t  svafte 
causerf  vehicle  blow  up  77 
seconds,  after  launch. 

T^xplorer  V 

United  States 
Satellite 

25  8 

Measurement  of  corpuscular 
radiation  at  several  intensity 
levels. 

Orbit  wa.s  nut  achiiv  ecj, 
flight  tinne:  605'  seconds* 

Vanguard 
(SLV  3) 

United  States 
Satellite 

21.5 

Two  infrared  phoiocells  to  scan 
earth's  cloud  cover. 

Tt  is  believed  fo  have  irti  do 

1  complete  orbit  of  Earth 
before  \ll20g  back  and  burning 
up  over  Afrif-a. 

Pioneer  I 

United  States 
Lunar  probe 

39 

.Measurements  of  radiation 
in  space;  magnetic  fields  of 

Earth  and  Moon;  density  of 
micromctcor  matter;  internal 
temperatures;  electronic 

Scanner. 

First  oDS(.*r\ aiion  that  radia¬ 
tion  is  a  band.  Mapped  tt>lal 
ionizing  flux.  JsL  obi ervation 
of  hydromagnclii:  o(5«:iUatjonR 
of  magnetic  field  c.t  Eartii. 
Discovered  dtpr.rmic  of 
magnetic  field  f’-cm  Umo-rctical 
prediction.  1st  dclerrninaiion 
of  the  deiiT  .ty  of  rnicrDiTi''leors 
in  intet juitr.ry  cpitce,  Ist 
measuri-riicnts  ot  the  inter¬ 
planetary  magmttin  field. 
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Table  3-5--  Conlinued 


Name 

Type 

Scientific  Instrumentation 

Weiub  1  £xpc  riments 

In  lbs. 

Results 

Bcp.coii 

United  State-5 

Inflatable 

Satellite 

S.  Zb 

Ejection  of  sphere  from  payload 
package;  sphere  itself  would  be 
used  to  study  atmospheric  density 
at  various  levels  during  lifctinic 
of  about  2  weeks. 

Part  ol  tin.'  cluster,  includ¬ 
ing  payload,  separated  from 
the  booster  prior  to  booster 
burnout. 

Pioneer  II 

United  States 
l.unar  probe 

34.  3 

Total  ionizing  radiation;  cosmic 
ray  flux;  magnetic  fields  of  Earth 
ari<>  Moon;  density  of  micrometcoric 
inalter;  internal  temperatures; 
electronic  scanner. 

.3d  stage  failed  to  ignite. 
Evidence  that  equatorial 
region  about  Earth  has 
higher  flux  and 
eiK^rgy  radiation  than 
previously  considered. 
Suggestion  that  rnicronicteor 
density  is  higher  around 

Earth  than  in  space. 

Pioneei  III 

United  States 

Space  probe 

12.  95 

Measurement  of  radiation  in 
space. 

Discovered  2d  radiation 
belt  around  Earth. 

Project 

Score  (Atlas) 

United  Sfatey 
Satellite 

1?.0 

Tv/in  packages  of  radio  trans- 
mi'tii'.g,  recording;,  and  receiving 
apparatus,  each  weighing  3S  lbs. 

1st  time  a  human  voice  has 
been  beamed  from  outer 
space. 

Lunik  o  r 

Mcchti 

(Dream) 

Rus>5ja 

Space  probe 

.3,  245 

T.i.'irar.ients  to  measure  tempera¬ 
ture  and  pressure  .'nsldc  •^chicio; 
ii  strumenvS  to  ytuc-y  gas  com¬ 
ponents  vf  interplanotavy  matter 
and  corpuscular  radiation  of  the 

;‘*«.agn€tic  fields  of  Ear*h  Moor; 
rn-utcoric  particles  in  space;  heavy 
nude?  in  primary  cccmic  radiation 
and  other  properties  of  cosmic 
rays. 

In  orbit  around  Sun  on  15- 
mo.  cycle. 

Van^jiuvvd  II 

United  Slates 

Satollito 

20.  r> 

Civud  cove; . 

In  general  the  satellite  and 
its  instrumentation  function¬ 
ed  as  planned.  Ilo\vever, 
interpretation  of  cloud  cover 
data  has  been  difficult  be¬ 
cause  satellite  devolopccl 
a  wobbling  (prcccssing) 
motion. 

Discoverer  I 

United  Sco.tcs 
Satellite 

245 

Chi.’ck  out  propulsion,  guid¬ 
ance ,  staging,  comniuiii -rati^r-r^ . 

Difficulty  in  stabilization 
caused  tumbling  which 
hampered  consistent  track¬ 
ing  acquisition. 

Pioneer  IV 

United  SiateiH 

Satellite 

13. 40 

/.feasurement  of  ladialio.n  in 
space.  'I’csl  photoelectric  f.epfior 
it;  vicinity  of  Moor. 

Probe  achieved  its  primary 
mission,  an  Earth-Moon 
trajc ctory ,  yi elded  excellent 
radiation  data  and  provided 
a  valuable  trackitig  exercise. 
While  tlic  probe  reached  the 
vicinity  of  the  Muon,  it  did 
not  coinc  i;lose  enough 
(20,  000  miles)  to  trigger 
pliotocleclric  sensor  or 
Sample  Moon  's  l  ad  iation. 

3;i(i 
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Tabic  3- 5  “  “Cent  iiHicd 


Name 

Type 

Sci( 

rill  fie  liislrunicntalioii 

W  c igb  t 
In  Ibb. 

Rxjieriinenls 

R  C  a  U 1  1  b 

Dis  cove  re  r 

Uniied  Stoles 

1,  fcio 

To  recover  capsule;  niaiiitain 

All  equipment  worked  as 

II 

SaLcllitc 

temperature  and  oxygen  siilTiciciU 

programed  except  timer 

to  su.staiii  life;  miuilsion  jiai'ks  to 

whiih  ejected  caiisulc. 

measure  radiation. 

Capsule,  whi  ell  coin, lim'd 

radiation  emulsion  jiacUs, 
licis  not  t'ccii  fouiub 

Vanguard 

United  Slates 

23.  3 

Vanguard  3A  contained  a  pret  ise 

2d  stage  failed  to  i.))M-ralc 

2  Satellites 

niagnctoniclcr  to  be  used  Id  map 

pro]icrly  winch  a 

Earth's  magnetic  Held.  Vanguard 

tumbling  motion.  l^ayload 

3B  was  to  measure  drag  in  space. 

and  3d  stage  f'.'Il  inti.> 

Allantic  Occaii. 

Discoverer 

United  Stales 

440 

Wcasuicmeni  of  cosmic  radiation. 

'rratking  stations  did  not 

III 

Satellite  and 

bioiiiedi'cal  eavironnicntal  research, 

receive  telemetry  fi  om 

nose  cont*  re- 

and  c3psule  recovery  techniques 

satellilt';  dc*ubtiul  it 

entry  capsule. 

by  C-119  aircraft  palroling 
recovery  area. 

achicvt'd  orbit . 

Vanguard 

United  States 

22. 5 

Mea.«5ur  cmants  of  solar -earth 

A  faulty  2d  stage  pressure 

(SLV-6) 

Satellite 

heating  process  which  generates 

valve  cau-sed  failure,  and  it 

weather. 

plunged  into  Atlantic  Ocean 
.some  300  miles  n'.'rtlicasl 
of  Atlantic  Missile  Range. 

Discoverer 

United  States 

1,  700 

Capsule  contained  telemetry 

Failed  to  achieve  orbit. 

iV 

Satellite  and 

equipment  to  ntcasurc  its 

Insufficient  velocity  caused 

nose  cone  re- 

performance 

failure  to  orbit. 

entry  capsule . 

Kxplorcr 

United  Stales 

91.5 

Ivicasurcnicnts  of  (1)  eartli's 

Vehicle  was  destroyed  by 

Satellite 

radiation  balance,  (2)  Lyman- 

range  safety  officer  after 

alpha  X-rays,  (3)  lieavy  primary 

8  1/2  sees,  when  it  tilted 

cosmic  rays,  (4)  niicrometecriles, 
(6)  cosniic  rays,  (61  satellite 
tomperature,  and  (7)  erosion  study 
of  exposed  solar  (silicon)  cell  on 
outside  of  satellite. 

sharjily . 

Explorer  Vi 

Unitc'd  States 

142 

(1)  Mcasarvmeiit  of  3  specific 

Valuable  data  traiisniilted 

Satellite 

radiation  levels  of  Eartli  radialioii 

on  distribution  of  dust 

bell;  (2)  TV -like  scanning  device  to 

particles  and  conconlraliun 

relay  cloud  cover  picture;  (3)  solar 
cells  (8,  000  in  all,  1,  000  on  each 
side  of  4  paddles)  to  create  voltage 
to  recharge  the  satellite's  chcmkal 
batleries  in  flight  (electronic  gear 
ill  satellite  includes  3  traa.‘'.niiUers 
and  2  receivers);  (4)  micronictcor- 
itc  detector;  (5)  2  tyjjcs  of  magiu*- 
tonicler  to  map  Eartli's  magnetic 
field;  (6)  4  expcriiiicnts  to  study 
behavior  ol  radio  waves,  all  aimed 
at  learning  more  about  deep  space 
c  om  m  u  n  1  c  a  1  i  o  a  s . 

of  low-energy  jiarticles. 

Dis  cove  rcr 

United  States 

1 ,  700 

Same  as  Discoverer  IV. 

Satellite  went  inti.2  orbit,  all 

V 

Satellite  and 

oquipme  ut  working  as  jiru- 

nose  Cone  re- 

g  r  a  m  c  d .  However,  i‘  l  1 1 1  r  y 

entry  capsule. 

capsule  was  not  recovered 
due  to  rnaliuiiL  t  i on  iolJowmg 

its  eji'i  tioii  fi  om  satellite. 
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Table  3-  5-  -- Continued 


Name 

Type 

Scientific  Instrumentation 

Weight  Experiments 

In  lbs. 

Results 

Beacon 

United  States 

Satellite 

25. 8 

Inflatable  satellite  of  Mylar 
plastic  film  and  aluminum  foil. 
Satellite  itself  contains  no 
instrumentation. 

Payload  failed  to  achieve 
orbit  due  to  premature  fuel 
depletion  in  booster  and 
malfunction  in  attitude  con¬ 
trol  system  for  upper  stages. 

Discoverer 

VI 

United  States 

Satellite  and 

nose  cone  re¬ 
entry  capsule. 

1,  700 

Same  as  Discoverer  IV. 

Same  as  Discoverer  V. 

"Lunik  11" 

Russia: 

I-iUnar  probe 

858.  '! 

Instruments  to  measure  tempera¬ 
ture  and  pressure  inside  vehicle; 
instrurnents  to  study  magnetic 
fields  of  Earth  and  Moon;  mctoric 
particles  in  space;  heavy  nuclei! 
in  primary  cosmic  radiation  and 
other  properties  of  cosmic  rays. 

58.4-lb.  lunar  probe  hit 
surface  of  the  Moon  at 

5:02:24  p.m,  e.d.t.  Imin. 

24  sec.  later  than  predicted 
by  Russia  >>cientists. 

Transit  I-A 

United  States 

Satellite 

ZbS 

Transmitters:  (a)  64  inc.;  (b) 

1(^2  me.  :  (c)  ?.16  me.  ;  all  at  100 

mvv. 

Satellite  failed  to  achieve 
orbit,  the  3<i  stage  did  not 
fire. 

Vanguard  III 
(SX.V.7) 

United  Slates 

Satellite 

50 

Measurements  of  earth's  mag¬ 
netic  field,  solar  X-rays,  and 
environmental  condition.s  in 
space. 

Provided  comprehensive 
survey  of  Earth's  magnetic 
fields  over  area  covered; 
detailed  location  of  lower 
edge  of  Van  Allen  Radiation 
Belt;  accurate  count  of 
niicrometeore 

Lunik  III 

Russia 
translunar 
earth  satellite 

614 

Two  cameras,  developing 
mechanism  and  automatic:  devices 
for  triggering  cameras,  develop¬ 
ing  processes  and  transmission 
picuiies  to  earth.  Also  automatic 
tetnperature  control  mechanism. 
Other  experiments  not  disclosed. 

V/hen  satellite  was  about 
40,000  miles  from  Moon's 
surface,  the  cameras  were 
triggered.  They  produced 
photographs  of  high  precision 
showing  70  percent  of  Moon's 
backside.  Cameras  were 
operated  on  Oct.  7,  1969, 

Tor  40  mins.  Pictures  were 
transmitted  to  Earth  shortly 
before  reaching  perigee  on 
Oct.  18,  1959. 

Explorur  VII 

United  Stales 

Satellite 

91. 5 

1 

Radiation  balance;  L.ynian-alplia 
X-ray;  heavy  primary  cosmic  ray; 
iriicrorncteoritv;  cosmic  ray; 
exposed  solar  cell;  temperature 
measu  rent  ents . 

Provided  significant  geo¬ 
physical  information  on 
radiation  and  magnetic 
s to I'J ns ;  demonstrated 
method  of  controlling 
internal  tcnipe ratu res ; 
first  microineleorite  pene¬ 
tration  of  a  sensor  in  flight; 
delertion  of  large-scale 
w  eallie  r  jiatli'rns  , 

Discoverer 

VII 

United  State.*? 

Satellite  and 

n o s c-  c Cl n «'  re¬ 
entry  capsule. 

1,  700 

San  e  .as  Discoverer  IV. 

Satellite  went  into  orbit, 
h'‘>wcvcr,  I'eenlrv  capsule 
was  not  relea^icd  due  to 
aialfunction  ?l  electrical 
systeni  and  [lossiljle  lack 
of  stabil i r.atior^ . 
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Table  3-5--Continued 


Name 

Type 

Scientific  InstrumenlatLon 

Kcsult 

Weight  Experiments 

In  lbs. 

Discoverer 

VIII 


United  States 
(AR  PA) 


Same  as  Discoverer  IV. 


Satellite  went  into  orbit, 
tiow(' ve r ,  altlioiigli  I’etnitry 
vtapsule  wiis  ejected  it  was 
not  recovered  and  search 
was  abandoned. 


United  States 
Lunar  probe 


Discoverer 

IX 


United  States 
Satellite  and 
nose  cone  re¬ 
entry  capsule. 


To  obtain  basic  measurements 
o/  the  lunar  enviromne  nt.  (1) 
Measurements  of  3  specific  energy 
levels  of  cosmic  rays;  (2)  TV-like 
scanning  device  to  relay  lunar  sur¬ 
face  picture;  (3)  solar  cells  (8,  800 
in  all;  ),  200  on  each  side  of  4  solar 
vanes  to  create  voltage  to  recharge 
the  probe’s  chemical  batteries  in 
flight  (Note.  Klectronic  gear  in 
probe  includes  2  transmitters  and 
2  receivers);  (4)  micrometeorile 
detector;  (5)  2  types  of  magneto¬ 
meter;  (6)  radio  wave  experixiients. 

Launching  technique,  propulsion, 
communications,  orbital  per¬ 
formance,  recovery  techniques, 
and  advanced  engineering  tests. 


Malfunction  in  2nd  stage 
guidance  started  failure 
and  satellite  did  not  go  into 
orbit. 


Vehicle  rose  from  pad  as 
programed.  Telemetry  was 
lost  soon  afterward.  Radar 
showed  that  the  Discoverer 
failed  to  achieve  orbital 
velocity  and  fell  back  to 
I  Earth. 


Discoverer  Same  a.s 

X  Di»e«jvei'v£  IX 


Same  as  Discoverer  IX. 


Vehicle  rose  from  pad  as 

...  >  i.  i.  ...  1  et 

p  1  ug  1  i  t;  u  uii. 

course  at  20,  000  ft.  and 
headed  for  nearby  seacoast 
cities.  Range  safety  officer 
de.stroyed  vehicle  52  sec. 
after  launch. 


Midas 
(Missile 
Defense 
Alarm 
System)  I 


United  States 
Air  Force 


Pioneer  V 
(19b0  Alpha) 


United  States 
space  probe 


Payload:  Infrared,  telemetry, 
communications,  and  other 
advanced  engineering  test  equip¬ 
ment.  Experiments:  To  estab¬ 
lish  workability  of  the  Atlas- 
Agena  combination,  launch 
procedure,  and  tracking  and 
con^munications  systems.  The 
Midas  prog.ram  is  designed  to 
detect  heal  radiating  from  the 
exhaust  of  ballistic  missiles  and 
to  feed  detections  into  the  air 
defense  warning  net 

Mission:  'I’o  provide  information 
about  space  between  the  orbits  of 
Venus  end  Earth;  to  test  the  feasi¬ 
bility  of  long-range  interplanetary- 
type  coiTimunicatiuns;  and  to  im¬ 
prove  methods  for  measuring 
astro.Moiiiical  distances.  Experi¬ 
ments;  Measurements  uf  radiatio'i, 
magnetic  fields,  inicronietcoroid 
activity,  and  temperatures. 


It  is  presumed  that  2d  stage 
separation  did  not  o<'rnr  and 
the  vehicle  burned  up  upon 
reentering  the  atmosphere 
about-  2,  500  miles  downrangc 
from  Cape  Canaveral - 


-N'lariy  "firsts"  in  lung  range 
communications,  gauged 
solar  flare  effects,  particle 
energies  and  distribution, 
and  magnetic  field  plieiiumena 
in  interplanetary  space. 
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Tabic  3-5  Continued 


>/ 


Nam  c 

Type 

Si  ieiilifjc  Iiislrumenlation 

W  eight  Experiments 

In  i’os. 

Results 

Explore  r 

United  States 

Id.  19  Mission:  To  analYr.e  llie  energies 

Ground  stations  lost 

:  ■■m 

Satellite 

of  electron  aid  proton  rad>aiit'n 

I'ommunication-s  witli  ilic 

in  the  Van  Alleii  liadialioii  ?.onos. 

vehicle  after  2d  stage 

Expoi-iments:  Detailed  measure- 

bu  rnout. 

mcnl.s  of  energetic  particles  in  (lie 

Van  Allen  Radiation  Zones  and  of 

temperatures  inside  and  outside 

'  *.u\v 

the  payload. 

Tiros  (Tolc- 

United  States 

^70  Experiments:  Z  TV  systems--) 

Because  of  an  appai'ciitly 

vis iun  and 

meteorological 

wide  angle,  1  narrow  angle, 

inoperative  relay,  Inter- 

Infra-Red 

satellite 

photograph  cloud  cover  and  trans- 

rogation  was  ceased  vlutii' 

Obscrvatioii 

mit  images  to  Earth.  Otliei* 

28,  I960,  after  reception 

Satellite)  I 

inst i'unierus:  Tclcn'ciry ,  com and 

of  22,  952  higlily  successful 

^  V 

(i960  Beta) 

and  an  altitude  sensor  system.. 

cloud  cover  pho log rajih s . 

Transit  I-B 

United  States 

265  Saiellitc  instrumc*nls;  (a)  2  ultra- 

In  orbit  April  13,  I960, 

{I960  Gamma) 

Navy  satellite 

stable  oscillators  (radio  frequency 

with  estimated  life  of  16 

generators)  in  icinperaturc- 

moutlis. 

resistant  Dewar  flasks.  Each 

oscillator  can  transmit  on  2 

.  ■*'  ' 

frequencies,  (b)  Infrared  scanner 

to  nie<?.surc  satcllile's  rotation. 

(c)  2  receivers,  (d)  2  telemeter- 

iiig  gathering  and  sending  devices. 

Experiment:  To  determine  the 

feasibility  of  and  improve  equip- 

nient  for  providing  a  global  all- 

weather  navigation  system  iliat  is 

-.•A.-i/o 

more  reliable  than  systems  now  in 

use  under  any  weather  conditions. 

Guch  a  system  wouici  cna'oie  snips 

IvT'.'iSlfiP 

and  ain  rafi  to  locate  precisely 

jk^ 

their  posilion.s  on  oartli  regardless 

of  weather, 

Discoverer  XI 

United  iStatrs 

1,  700  Same  as  Di.scovei'er  IX  except  tliat 

2d  Stage  casing  with  capsule 

(I960  Delta) 

Satellite  and 

about  10  lbs.  of  iiudrumiMits  were 

went  into  Polar  orbit. 

nose  cone  re- 

installed  in  the  2d  stage  casing 

Capsule  was  ejected.  'The 

entry  capsule. 

(satellite)  for  a  tracking  experi- 

ca})siil('  was  not  observed  as 

1 

id? 

ment  coiinudcd  v/ith  the  Transit 

descending  into  the  recovery 

development  p rogram .  The  J  ransit 

.area,  and  recovery  was  not 

instrument  package  consists  of  a 

attempted . 

-•  I 

Doppler  beacon  and  external  liglits 

for  optical  tracking  by  Rakcr-Nunn 

cameras  of  the  Smithsonian  Astro- 

physical  Observatory.  (See  Transit 

1-B.)  Discoverer  program 

objecTi'-es  are  to  gather  data  on 

.satellites  and  their  behavior,  on 

stabiliziatiou  of  a  satellite  ie.  orbit. 

and  on  techniques  of  recovering 

objectives  that  liave  gone  into  orbit. 

V  - 

Echo 

United  States 

240  Telemetry  bvacon  in  3d  Stage, 

Did  not  achieve  urljit  due  to 

-- 

casing  designed  to  follow  spliei'e 

ajqiarciil  malfuctiun  in  llie 

n 

into  orbit.  Operating  at  108.06 

attitude  co:ilruls  on  2d  stage 

me,  continuous  for  6  to  10  days 

nncl  failure  of  3<1  stage-  tu 

■'“-i 

(est.  )  at  60  mw;  powei'cd  by 

receive  ignition  signal. 

.-'■'aV- 

Mercury  batteries;  designed  as 

passive  cornnuuiicatiuns  satellite 

A  A 

with  aluiniimin  coating  to  provide 

radio  wave  reflectivity  of  98  per- 

cent  up  to  frequeiici e.s  of  20,000 

me. 
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Table  3-5--Continuod 


Name 


Sputnik  IV 
(i960  Epsilon) 
"Spacecraft" 


Midas  II 
(I960  Zela) 


T  rans  it  11- A 
(1960  Eta) 


Discoverer 

XII 


Type 

Scientific  lustrum entation 

Weight  ExpcrimcMits 

In  lbs. 

Results 

Russia 

lO.OOy  A  2-part  craft  with  undisclosed 

shape  and  dimensions.  "Dummy 
spacenian"  with  environmental 
c  ■>ntrol  system.  19.  995  me  trans¬ 
mitter  for  both  telemetry  and 
"telephone"  systems.  Tape  of 
voice  transmitted  to  ground  stations. 

X.auncl^  and  near  circular 

orbit  achieved.  Alter 
retrorockei  firing  on  May 

19,  ^960,  pressure  vessel 
apparently  sej^arated  from 
cabin  but  due  to  orioiitaii.on 
fault  went  into  io]is*ded 
orbit  instead  of  reentering 
the  atmosphere. 

United  Slates 

5,000  Instrumentation  details  not  re- 

Orbit  achieved.  2  days 

Satellite 

leased.  Includes  infrared 
telemetry  and  communications 
equipment. 

after  laimch.  data  link 
telemetry  t ransnult ing 
infrared  scanner  informa¬ 
tion  to  ground  statitins 
ceased  functioning. 

United  States 

223  I’wo  ultra-stable  oscillators; 

I'wo  satellites  plact'd  in 

Navy 

plus  42  lb.  infrared  scanner  to  measure 

Earth  orbit.  Boili  trans- 

pickaback  satellite's  rotation:  electronic 
satellite  clock  as  time  standard;  Cana¬ 

dian  receiver  to  m(*asuro  galactic 
noise.  42-lb.  pickaback  satellite 
with  inslurmenls  to  measure  sc>lar 
radiation  and  other  information  on 
ionosphere. 

mitting  clearly. 

Same  as 

Same  as  Discoverer  XI,  except 

Failed  to  acliicve  orbit, 

Discoverer  XI 

extra  instrumentation  was  added 
in  ati  cllort  to  determine  the  causes 
of  previous  Discoverer  failures. 

reentered  the  atmosphere 
and  burned  up  over  the 

Scutli  Pacific. 

Fig. 3-11  Launch  of  a  NASA  4-stage  JUNO  II  Rocket  carrying  a  90  pound  satellite 
designed  to  make  a  direct  measurement  of  the  Ionosphere,  launched  into  orbit  at 
12:23  a. m.,  EST,  Nov.  3,  1960. 
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Table  3-6 


Minimum  Instrumentation  Requirements  for  a  Manned  Orbital 
Type  Space  Vehicle 


Vehicle  Integrity 


Number 

Pre-orbit 

Orbit 

Re-entry 

Temperature  measurements 

M 

X 

X 

Stress  and  Strain  measurements 

M 

X 

X 

Vibration  and  Flutter  measurements 

M 

X 

X 

Meteorite  impact 

1 

X 

(other  factors  included  below) 

System  Monitor  and 

Operational 

Evaluation 

Pitch  Acceleration 

1 

X 

X 

X 

Body  Angular  Rates 

3 

X 

X 

X 

Linear  Acceleration  (two  ranges) 

6 

X 

X 

X 

Attitude  Indications 

3 

X 

X 

X 

Eleven  Positions 

2 

X 

Actuator  Pressure 

2 

X 

Control  Current  to  Reaction  Units 

12 

X 

Reaction  Jet  Valve  Position 

12 

X 

Fuel  Rate  of  Flow 

12 

X 

Fuel  State 

1 

X 

Command  Receiver  Signals 

P 

X 

X 

X 

CXitside  Air  Temperature 

1 

X 

X 

X 

Outside  Air  Pressure 

1 

X 

X 

X 

Stagnation  Temperature 

2 

X 

X 

Wing  Leading  Edge  Temperature 

10 

X 

X 

Position  Data 

2 

X 

X 

X 

Radio  Altimeter  Signal 

1 

X 

X 

X 

Programmer  Signcils 

p 

X 

Y 

v 

Power  Supply  Voltages 

P 

X 

X 

X 

Power  Supply  Frequencies 

P 

X 

X 

X 

Ram  Air  Pressure 

1 

X 

Static  Air  Pressure 

1 

X 

ON-OFF  Signals 

Roll  Control 

1 

X 

X 

Pitch  Control 

1 

X 

X 
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Control 

1 

X 

X 

Level  Warning 

1 

X 

X 

X 

n  Decompassion 

1 

X 

X 

X 

ude  Control  System  Failure 

1 

X 

X 

ronmental  Control  System  Failure 

1 

X 

X 

X 

trical  System  Failure 

1 

X 

X 

X 

ation  Warning 

1 

X 

X 

Day 

1 

X 

X 

X 

Environmental  Factors 


all  Temperature 

N 

X 

r  Temperature 

1 

X 

Lr  Pressure 

1 

X 

s  sure 

1 

X 

n  Rate 

1 

X 

f  (Cabin) 

1 

X 

Pressure  (Cabin) 

N 

X 

tial  Pressure 

1 

X 

er  Status 

1 

X 

rve 

1 

X 

X 

X 

X 

X 

X 


X 

X 

X 


rSrSi^y^i^K^i^i^i^r'S 


Table  3~6 


Human  Factors  --  Continuous  x-ecording  and  inonitox'ing 


Name 


Range 


EKG  (Electi-ocax'diograrri)  (?.) 
B.espiratoi’y  Rate 
Respiratoi-y  Depth 
Heart  Rate 
Heart  Sounds 

EEG  (Electro- encephalogram) 
GSR  (Galvanic  Skin  Response) 
Blood  Pi’C s  su I'e 
Systolic 
Dia  stolic 
Muscle  Aclivity 
Eveball  A'iovement 
Flow  Rate 

Body  Temperature  (V) 


0  ~  2 . 5  m  V 

0-60  cpm 

0  -  50  cps 

0  -  300  cpm 

20  cps  to  2  kc 

0-50  cps 

5,000  ~  20,000  ohm 


30  cps  to  5  kc 
C  -  10  cps 
2  -  12  eft/ min 
60  115''  F 


WADE  TR  61-67 
VOL  I  REV  i 


329 


1 


^^'yyS^n! 

Mi 


im 


-  . 


%»•« 


J 


1,4 


.43' 


■  W--: 


.-  •■s.-v-.  I 

•*  >V  .  .  •  .• 


/> 


.  •  •  'f’  ‘'•‘'  I 
^*-  '  *• '  .•.'  ' 


i-V 


Fig.  3-12  A  photographic  conception  of  the  78  pound  payload  (P-14 
Magnetometer-Plasma  Probe)  on  its  journey  to  outer  space.  The  P-14  probe 
is  programmed  for  a  four-day  100,000  mile  orbit  and  return  to  the  edge  of  the 
earth's  atmosphere.  The  heart  of  the  payload  is  a  1  .5  pound  rubidium  vapor 
magnetometer,  two  fluxgate  magnetometers,  weighing  about  one  pound  each 
and  a  plasma  probe,  and  an  optical  aspect  sensor  weighing  about  2.5  pounds. 
The  experiment  is  expected  to  determine  more  precisely  the  nature  of  the 
inter -action  of  magnetic  fields  and  solar  corpuscular  radiatior'. 
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Experiments 


(1)  Erosion,  Impact,  and  Piercing  (Ref.  258) 

Erosion  of  a  satellite's  shell  ihrough  bombard¬ 
ment  by  dust,  micrometeorites,  ions,  molecules,  and  atoms  may  be 
recorded  by  chromium-strip  erosion  gauges  on  the  satellite's  surface. 
Electrical  i'esista.nce  of  the  guages  changes  as  their  surfaces  are  changed 
by  erosion.  Cadmium- sulphide  cells  maybe  used  as  photosensitive 
detectors.  Such  cells,  when  coated  by  an  opaque  cover!, \g  of  Mylar 
plastic  and  deposi.cd  aluminum,  exjierience  resistance  changes  as 
the  covering  is  eroded  or  penetrated.  Telemetering  the  resistance 
changes  permit  the  estimating  or  erosion  rates. 

The  ionosphere  probe  (Ref  259)  I960  X? 

(Explorer  VIII)  carried  a  microineteorite  photomultiplj e v  experiment 
using  a  conventional  "end-type"  7151  C  photomul* iplier  with  r  oric- 
micron  evaporated  layer  of  aluminuim  on  the  front  surface,  A 
microineteorite  particle  penetrating  the  aluminum  coating  registers 
its  visible-light  energy  on  the  photo  cathocle.  The  resulting  pnlse 
varies  in  length  and  amplitude  as  a  function  of  the  micr omei eorite' s 
kinetic  energy.  The  maximum  sensitivity  of  the  sensor  to  ligiit 
pulses  is  lO”-^  erg. 

Also  contained  in  1960X1  was  a  microir  eteorite 
microphone  experiment  measuring  tht  frequency  and  momentum  of 
micrometeorite  impacts.  The  rnicron-etcvirite  targets  corsisted  of  tv’o 
"sounding  boards"  located  on  the  lower  cone  of  the  s?,te:lite  and 
acoustically  insulated  from  the  satellite  skin..  Attached  to  ouch  sounding 
board  was  a  microphone  that  detects  t}?e  impulse  tliat  occurs  when  a 
microineteorite  collides  with  the  sounding  board.  By  pre -flight 
calibration  the  detected  impulse  may  be  related  to  tlie  momentum  of 
the  incoming  particle. 

The  .Scout  S-55  satellite(  Ref .  360)  vhll  carry 
five  micrometeoroid  detectors;  pressuiized  ceils,  foil  gage.s.  wire 
grids,  cadmium-sulfide  cells  and  impact  censors-  The  irripac-  .sensors 
are  piezoelectric  crystal  impact  -detecting  transducers  acoustically 
decoupled  from  .satellite  structure  and  Lave  three  levels  cf  impact- 
detecting  sensitivity.  The  cadmium.  su5.tide  cells  are  mounted  in 

358  "IGY  Satellite  1959  Eta,  "IGY  Bulletin,  Number  28, 

National  Academy  of  Sciences,  Octobei  1959,  p.  13. 

259  "lono, sphere  .Direct  Measurement  Satellite,  "IGY  Bulletin 
Number  42,  December,  I960. 

260  From  News  Item,  Electronic  Pe.sign,  Scpten.b.^.v  )  3,  1V61 
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aluminum  flasks.  Their  exposed  surfaces  are  covered  with  a  sheet  of 
1/4  mil  Mylar,  coated  with  evaporated  aluminum  on  both  sides.  The 
foil-gage  detectors  consist  of  an  electrochemical  deposition  about 
90  rnicroinches  on  1 -mil  Mylar  and  mounted  to  304  stainless -steel 
samples  of  rocket  skin.  The  wire  grids  consist  of  46  windings 
of  fine  copper  wire  mounted  on  1.45  x  7  inch  rectangular  melamine 
cards.  The  pressure  cells  are  the  primary  sensors  of  the  probe. 
They  are  beryllium  copper  detectors  composed  of  160  half -cylinder s 
fiom  0.  1000  inch  to  0.  5000  inch  thick. 


Conventional  pressure  transducers  may  be  used  to  record 
the  impact  of  micrometeorites  which  are  large  enough  to  penetrate 
the  sheii  or  special  skin  area  of  a  satellite.  Hermetically  sealed 
pressure  zones  would  be  placed  to  girdle  an  area  of  the  interior 
wall.  These  zones  would  be  pumped  down  to  partial  vacuums,  each 
£t  a  differei.t  pm  ssure.  With  differential  pressure  transducers 
connected  to  each  pair  of  zones,  data  would  be  generated  indicating 
which  zone  is  punctured. 

The  196c  Alpha  (Pioneer  V)  carrieda  device  (Ref.  261)  to  record 
micrometeorite  impact.s  and  later  relay  the  indication  to  the  earth. 

This  device  developed  by  the  Air  Force  Cambridge  Research  Center 
consisted  of  a  diaphragm  about  twice  the  size  of  a  playing  card  mounted 
on  the  paylcad  skin  and  corjneefed  to  a  microphone.  The  noise  of 
impact  on  the  diaxiliragn'.  is  translated  to  an  electrical  impulse  which 
is  recorded  wnth  othei  signals  and  later  relayed  via  telemetry 
system  to  tb.e  earth. 


The  1959  Eta  (Van, guard  III)  carried  a  microphone -impact 
counter  system  (Ref.  262)  utilizing  tour  piezoelectric  transducers 
attached  to  the  metallic  skin  of  the  satellite.  The  resulting  electrical 
impulses  from  imp.s.cts  triggered  a  three-digit,  magnetic  core,  decimal 
counter.  A  tone -burst  indicating  tiic  count  of  eacb  decade  of  the  counter 
was  sent  via  telemetry  sy..tem.  Care  must  be  employed  in  counting 

noise  in  satellites  electronics  or  deterioration  from  environmental 
(teniperatnre,  radiation  etc,  )  effects. 


261  ‘'I^ioneor  V  Gpace, ''  IGY  Bulletin,  Number  34,  April,  I960. 

26?.  "Satellite  Measurements  of  Cosmic  Dust,  "  IGY  Bulletin 

Number  36,  August,  I960, 
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(Z)  Magnetic  Field  Measuremeiacs  (Ref.  263) 

Charting  the  earth’s  magnetic  field  in  space 
is  of  special  importance  to  future  manned  space  explorations  since 
such  charts  will  indicate  the  best  routes  to  avoid  regions  of  intense 
radiation  trapped  in  the  magnetic  field.  In  addition,  space  measurements 
of  the  magnetic  field  will  aid  in  a  better  understanding  of  magnetic 
storms.  These  solar -related  storms  render  virtually  useless  many 
devices  which  rely  on  the  magnetic  field,  such  as  the  magnetic  compass, 
and  surveying  and  navigational  instrumentation. 

Magnetometers  are  used  in  the  measurement 
of  the  earth's  magnetic  field.  The  1959  Eta  (Vanguard  III)  carried 
a  magnetometer  which  consisted  of  a  copper  coil  filled  with  hexane 
located  in  the  tip  of  the  magnetometer  tube.  Wires  connect  the 
coil  to  electronic  equipment  and  batteries  in  the  satellite  sphere. 

On  command  from  a  ground  station,  the  coil  is  energized  by  6,  5 
amperes  of  electrical  current  for  about  two  seconds.  This,  in  turn, 
orients  the  protons  (H+)  in  the  liquid  and  causes  them  to  spin  within 
the  coil  in  a  prescribed  manner. 

After  the  current  flow  stops  the  protons  spin 
for  another  2  to  2.  5  seconds  in  wobbling  orbits  in  a  manner  dicte-ted 
by  the  characteristics  of  the  earth’s  magnetic  field.  The  frequency 
of  the  proton  motion  imparts  voltage  to  the  coil.  This  voltage  is  then 
amplified  and  transmitted  instantaneously  to  a  pround  receiver  where 
it  is  taped.  Simultaneously  a  reading  is  made  <  t  the  ground  magnetometer 
with  which  each  of  the  interrogating  stations  is  equipped. 

The  i960  Alpha  (Pioneer  V)  satellite  carried 
a  one-pound  search  coil  magnetometer  developed  by  STL.  This  in¬ 
strument  was  designed  to  determine  the  strength  and  direction  of 
magnetic  fields  in  space. 


263  "IGY  Satellite  1959  Eta.  "IGY  Bulletin,  Number  28, 

National  Academy  of  Sciences,  October  1959,  p.  13. 


WADD  TR  61-67 
VOL  I  REV  1 


333 


Fis.3~l-^  A  Thor-DeUa  Launch  Vchfcle  being  readied  to  project  a  spoce  probe, 
desigr-sd  to  gather  the  most  definite  information  yet  obtained,  on  earth  und  infer" 
piainGt*r>  magnetic  fields,  and  the  way  these  fields  e^^fcct  and  aie  effected  hy 
sold'-plcsnio.  The  92  foot  launch  vehicle  will  projoct  a  78  paund  paylood  toward 
a  four-dicy  flight  outward  in  a  highly  eccentric  earth  orbit  to  a  distance  of  over 
100,000  stofute  miles  end  bad;  fo  the  edge  of  the  earth's  atmosphere. 
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On  March  25,  1961,  satellite  1961  Kappa 
(Pioneer  X)  was  launched  (Ref.  264)  see  Figure  3-l4  of  planned  orbit. 

It  was  the  first  flight  into  deep  space  with  a  highly  accurate  rubidium- 
vapor  magnetometer.  The  Explorer  X  model  measures  field  intensities 
ranging  from  .01  to  7000  gammas.  It  is  absolute  reading  instrument 
in  that  its  measurements  depend  only  on  fixed  constants  that  do  not 
require  calibration. 


Pldnned  Trajnclory  of  Explorer  X.  The  satellite’s  actual  orbit  was  very  close  to  that 
shewn,  providing  the  desired  relative  positions  of  earth,  su-'  moon,  and  satellite,  NASA 
photograph. 


Figure  3-14 


The  rate  at  waich  the  outer  Rb-87  electron 
revolver  aro'und  its  nuclev's  is  known  pr  jci  ssly  and  would  produce, 
a  frequency  of  nearly  7  cycles  per  second  in  a  wc.nk  magnetic  h- .'id 
of  0.  00001  gauss.  Tiie  frequency  is  directly  proyio. liouB  1  to  tiu- 
field  strength  -  i.  e.  ,  the  stronger  the  field,  the  higher  the  freq'uency. 


264  "Explorer  X  Magnetic -Field  and  Plasirn^ -Probe  Sate.'litc 

IGY  i'uileiin,  Number  48,  June,  1961. 
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This  is  the  way  the  rubidium -vapor 
magnetometer  works;  Light  from  a  small  rubidium  lamp  passes 
through  a  filter,  lens,  ai\d  polarizer,  and  polarized  light  at  a  wave 
length  of  rubidium  then  passes  into  a  cell  conta.ining  rubidium 
vapor.  The  light  is  absorbed  by  those  rubidium  -87  atoms  having 
a  particular  orientation  in  the  cell.  When  this  occurs,  the  cell 
becomes  opaque  to  the  passage  of  light,  which  is  detected  v/ith  a 
silicon  photocell  whose  output  is  fed  to  an  amplifier. 

As  theopaqueness  exists  for  only 
one-half  cycle  of  the  spin  of  the  rubidium  atoms,  the  cell  is 
alternately  opaque  and  ti'ansparent  at  the  spin  frequency  which  is 
determined  by  the  strength  of  the  magnetic  field.  This  produces 
a  fluctua.ting  light  at  the  photocell  which  is  then  amplified  and  fed 
back  as  a  small  alternating  magnetic  field,  which  produces  an  ordered 
alignment  of  the  ’'ubidium  atoms  such  that  the  process  will  be  self- 
continuing. 

The  1961  Kappa  also  carried  two 

fluxgate  magnetometers  weighing  about  one  pound  each  and  considerably 
more  sen  htiv'C  than  those  flown  in  previous  satellites.  They  are 
intended  to  measure  fields  from  0.  5  to  25  gammas  and  to  determine, 
primarily,  the  directioi:*  of.  weak  magnetic  fields.  The  fluxgate 
rragnc'-ometers  are  oriented  on  the  payload  at  a  specific  angle, 
such  that  the  spin  of  the  payloa.d  makes  if  possible  also  to  obtain 
total -field  measurements. 

An  83-pound  sjjcicecraft  designated  as 
S-3  will  carry  a  magnetomo’er  package  containing  three  orthog- 
om.liy  mounted  saturable  core  magneton\ete.rs  with  calibration 
coils.  The  field  efh  efs  from  densely  packed  electronics  and  in- 
dtrumenti-  will  be  considerably  reduced,  (uef-  265) 


265  Same  as  Ref.  260. 
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The  Varian  Associates  Geophysics  Technical  Memorandum  No.  8 
discusses  magnetometer  applications  in  space  probes,  A  table(3-7)of 
specifications  is  presented  indicating  various  types  and  their  usage.  (Ref.  266) 


Table  3-  7  TABLE  OF  SPACE  MAGNETOMETER  SPECIFICATIONS 


■ 

X4M2 

X4M5 

X4I44 

%-AM 

1. 

UMrii  ! 

1 

Kiros«nt  and  Oil 

Hezane 

Rti“ 

Rb” 

Rb" 

2. 

FIELD  DPEMTIQN: 

1.  Rinfi  (fiffiMs) 

1 

12,000.52,000 
or  ±6,000 

12.000  to  52.000 

5.C4)0  to  54.000 

3  (0  10.000 

7  to  no 

b.  Objtctivt  Smiitivity 

[Cittimii) 

1 

d 

1 

5 

1 

1  •  0.1 

c.  Actual  Sk.iiltivKy 
istnmn) 

1 

2 

0.6 

0.02 

C.02 

- 

3. 

rOTAL  POWER  j 

twattt)  1 

1 

MaxirriLjm  Cycle 

is  50%,  102  ou'ing 
polarization 

Maximum  Duty  Cycle 
is  50%;  102  <1uiinK 
polarization 

8-0 

62 

3.5 

4. 

OPERATING  LIFE 
(tiiMr*) 

1 

1 

4300  cycles  in  85 
days 

500 

1500 

5000 

5. 

DIMENSIONS; 

a.  Instryment  Yoluna  * 
(cubic  Incliit} 

1 

Ut> 

S2 

382 

88 

59 

b.  Total  WflEht 
(petiRdJ) 

1 

6 

27 

6-5 

2-6 

1.9 

I.  OJIEMTATIUK  DATA: 


a.  0ptlm-im  Anfla  af 

Sinter  Axii  and 

Tfltzl  Flald 

b.  Daid  Zanat 

1 

OinniCirectiunat 

None 

90“ 

5®  polar 

45“ 

29®  polar 

10®  equator 

45® 

15®  polai 

10"^  equator 

45® 

15®  polar 
lO’’  equator 

FLIGHT  DATA; 
a.  Oatas 

1 

Since  July  'S6 

Sept  ’59 

Dec.  ’60 

Watch  '61 

AuKust  '6) 

b.  VihfclB 

H 

Aerobesi  Aerobee  Hi 

Vanguard  III 

Javelin 

TiiofOelta 

Atias-Apeiia 

«.  AltINda  er  orbit 

{sWza 

■ 

lOJ  to  300 

2200/320 

717 

145,000 

600.000  (pst ) 

d.  ru'd  Ucauutarad 
(fYBies*) 

1 

j  20.000  tb  70.000 

7,000  to  16,000 

30,400  to  57.000 

Mot  available  as  yet 

(3)  Electromagnetic  Radiation  Measurements  (Infrared,  Visible  and 
Ultraviolet) 

A  great  amount  of  special  instrumentation  carried  in  space  probes 
employ  electromagnetic  radiation  sensors  in  the  range  of  infrared,  visible  and 
ultraviolet.  Some  devices  use  these  sensors  in  relating  characteristics  of  the 
space  probe  (orientation,  spin  rate,  roll,  yaw,  etc.  )  in  its  flight,  and  other 
devices  measure  presence  and  amount  of  such  radiation  in  the  changing 
environment  of  the  space  probe.  The  radiation  sensing  elements  can  normally 
be  classified  under  two  types;  (Ref.  267)  those  responding  to  optical  radiation, 
and  those  based  on  non-producing  effect.  Scintillation  counters  and  Cerenkov 
counters  may  be  considered  systems  combining  the  two  types.  Infrared,  visibl 
and  ultraviolet  sensing  elements  are  normally  of  the  optical  radiation  type. 


(a)  Radiation  Balance  Measurements  (Ref.  Zb8) 


The  1959  Iota  satellite  carried  experimental  equipment 
for  the  study  of  the  thermal  radiation  balance  which  is  thought  to  greatly  influence 
the  earth's  weather.  Near  the  equator,  the  earth  receives  more  energy  from 
the  sun  than  it  radiates  into  space:  conversely,  it  radiates  more  energy  into 
space  in  polar  regions  than  is  received  there  from  the  sun.  The  transfer  of 
energy  from  lower  latitudes  to  higher  latitudes  is  being  studied  by  measuring 
direct  radiation  from  t^  '  sun;  the  fraction  of  this  radiation  diffusely  reflected 
by  the  earth,  clouds  ai  .  atmosphere;  and  the  fraction  of  radiation  which  is 
converted  into  heat  by  the  earth  and  ultimately  re- radiated  back  into  space 
in  the  far  infra-red  portion  of  the  spectrum. 

Six  sensing  elements  were  used:  two  hemispheres  and  one 
sphere  painted  black  to  measure  total  energy  at  all  wavelengths;  one  hemisphere 
painted  white  to  measure  radiation  of  longer  wavelengths  while  reflecting 
shorter  wavelengths;  and  two  sensing  elements  with  a  special  coating  to  measure 
short  wavelengths  only.  The  black  and  white  sensors  were  short  about  one 
and  one-quarter  inch  in  diameter  and  the  elements  wdth  a  special  coating 
were  about  one  inch  in  diameter.  Each  sensor  contained  a  thermistor  for 
temperature  measurements. 

Figure  3-18  shows  a  block  diagram  of  the  instrumentation 
used  aboard  the  1959  Iota  satellite,  including  the  heat  balance  experiment 
(Ref.  269). 


(b)  Ultraviolet  Measurements 


Solar  ultraviolet  radiation  has  been  measured  on  the  I960  Eta 
2  satellite  using  Lyman-alpha  ionization  chambers  (Ref.  270).  They  were 
cylindrical  in  shape  with  a  diameter  of  3,  4  cm  and  length  of  2.  4  cm.  Each 
chamber  was  fitted  with  a  lithium  fluoride  wiiido'.  ’  and  filled  with  nitric  oxioe  (NO) 
at  a  pre&sure  of  15  mm  of  mercury  (Hg).  The  detectors  have  a  quantum  yield, 

of  the  07'dcr  of  30%  and  yre  sp.nsit.ivo  to  wavelengths 


_ — 4- .......  1 


between  1040A  and  1340A;  the  first  is  determined  by  the  transparency  ox  tne 
lithium  fluoride  and  the  second  by  the  ionization  potential  of  the  nitric  oxide  gas. 
In  this  wavelength  range,  Lyman-alpha  radiation  is  the.  predominant  solar 
emission  and  contributes  all  but  10%  of  the  ion-chamber  response. 


2j68  "IGY  Satellite  1959  Iota,"  IGY  Bulletin,  No.  29.  National  Academy 

of  Sciences.  November  1959,  p.  13. 

269  King,  Olin  B.  ,  "Signal  Processing  Explorer  VIl,  "  IRE  Transactions, 
Fifth  National  Symposium,  1960,  on  Space  Electronics  and  Telemetry,  Sept.  I960, 
Section  4-2,  p,  10. 

270  "Solar  Radiation  Satellite,  "  IGV  Bulletin,  No.  42,  National  Academy 
of  Sciences,  December  I960,  p.  2. 
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The  Sunftare  Experiment.  The 
iwo-eiage  experimental  rocket  is  launched 
immediately  after  a  flare  is  reported, 
penetrating  the  ionospheric  layers  and 
meqswing  the  flare  radiations-  Compara¬ 
tive  wavelengths  of  ihe  radiation  Spec¬ 
trum  are  suggested  schematically. 


Figure  3-19 


Figure  3-20 


/ 
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Under  exposure  to  the  full  ultraviolet  spectrum  of  sunlight, 
there  would  be  a  progressive  deterioration  of  the  efficiency  of  the  detectors 
as  the  result  of  photochemical  decomposition  of  the  nitric  oxide  gas.  To 
minimize  this  effect,  each  tube  is  covered  with  a  mask  containing  an  aperature 
having  an  area  of  only  9.4  x  10'^  (about  1/10,000)  cm^.  The  response  through 
this  tiny  aperature  is  sufficient  to  provide  a  readily  measured  current  signal 
when  the  tube  is  exposed  to  the  sun.  The  use  of  two  tubes,  mounted  side  by 
side  and  connected  ir.  parallel,  provides  backup  in  the  event  of  failure  of  one 
of  the  tubes. 


The  Lyman-alpha  ionization  chamber  will  be  used  in 
scanning  telescope  aboard  Ranger  1  and  2  spacecraft  (Ref.  271).  The  prin¬ 
cipal  purpose  of  this  telescope  is  to  obtain  a  series  of  low  resolution  pictures 
of  the  earth  and  its  exosphere  in  ultraviolet  light  near  the  Lyman-alpha  wave¬ 
length  (1216  Angstroms). 

(c)  Infrared  Measurements  and  Devices 

On  June  24,  1959,  an  Aerobee-Hi  research  rocket  carried 
aloft  three  spectro-radiometers,  successfully  demonstrating  the  feasibility 
of  packaging  precision  infrared  equipment  for  extreme  environments  and 
very  limited  space  and  power  requirements. 

In  infrared  spectroscopy,  inadequate  sensitivity  often  makes 
it  difficult  to  obtain  data  on  weak  sources  of  radiation.  To  overcome  this. 
Block  Associates,  Inc.,  with  partial  sponsorship  of  the  Geophysics  Research 
Directorate  of  the  Air  Force  Cambridge  Research  Laboratories,  has  develop¬ 
ed  a  technique  of  interference  spectroscopy  and  reduced  it  to  practical  lo.bora- 
tory  and  field  instruments.  The  interferometer  spectrometer  basically 
attains  increased  sensitivity  by  making  more  efficient  use  of  the  measuring 
time,  by  examining  all  wavelengths  simultaneously,  and  by  requiring  no 
entrance  slit,  as  in  conventional  instruments. 

Since  most  detectors  are  not  fast  enough  to  follow  the  fluctu¬ 
ations  of  the  radiation,  the  Lite rferorne ter  is  used  to  "slow  down"  the  waves. 


271  Scientific  Experiments  for  Ranger  1  and  2,  Jet  Propulsion  Laboratory, 

Technical  Report  No.  32-55,  January  3,  1961,  pp.  20-22 
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A  block  diagram  of  the  spectrometer  is  shown  in  the 
accompanying  figure. 


Wlien  one  of  the  mirrors  in  the  interferometer  is  moved  back  and  forth  at 
a  slow  constant  velocity,  there  is  an  alternate  brightening  and  darkening  of 
the  central  fringe.  The  infrared  detector  is  placed  at  the  central  fringe  so 
that  it  converts  the  alternate  brightening  and  darkening  into  an  alternating 
electrical  signal. 

If  the  mirror  velocity  is  kepi  constant,  the  frequency  of  the 
detector  output  is  directly  related  to  the  wavelength  of  the  incident  radiation, 
assuming  for  the  moment  that  the  radiation  is  at  one  given  wavelength.  If 
another  wavelength  twice  as  long  as  the  first  should  be  substituted  as  the 
radiation  source,  the  a-c  output  signal  would  be  one-haif  the  frequency  of 
the  first.  The  amplitudes  of  the  two  signal  would  remain  the  same  if  the 
maximum  brightness  of  the  two  sources  were  the  same.  If  incident  radiation 
containing  many  wavelengths  is  introduced  into  the  system,  the  output  of  the 
detector  consists  of  a  superposition  of  all  the  a-c  signals  which  correspond 
to  all  the  wavelengths  in  the  source.  This  output  is  amplified  and  recorded 
on  a  magnetic  tape  which  can  be  "played  back"  on  a  spectrum  analyzer. 


WADD  TR  61-67 
VOL  I  REV  1 


345 


The  Aerobee-Ki  research  rocket  instrumentation  consists  of 
one  filter  radiometer  using  a  lead  sulfide  detector,  one  filter  radiometer 
using  a  flake  thermistor  detector,  and  one  scanning  spectrometer  using  a 
lithium  fluoride  prism  and  lead  selciiidc  detector.  The  total  volume  occupied 
by  these  instruments,  including  their  battery  power  supply,  was  less  than 
300  cubic  inches  (about  the  size  of  a  large  loaf  of  bread):  and  the  total 
power  was  less  tha’i  35  watts. 

The  satisfactory  operation  of  the  equipment  and  collection 
of  radiation  data  throughout  the  rocket  flight  was  climaxed  by  the  recovery 
of  tlic  instrument  packages  after  a  '\'ree-fall"  from  120  miles  altitude.  All 
three  instruments  were  recovered  i.i  sufficiently  good  condition  to  be  flown 
again. 


Figure  3-23  deple.s  an  infrared  horizon  sensor  developed  by 
Barnes  Engineering  Company  of  S:  amford,  Connecticut  for  use  in  the 
Mercury  Manned  Spacecraft. 


f - SCANNING 

PRISM 


Figure  3-23  Infrared  Horizon  Sensor 


The  astronaut  makes  observations  through  a  periscope  pointed  downward  at 
the  earth.  A  means  for  keeping  the  spacecraft  horizontal  with  respect  to 
the  earth  is  required  to  insure  proper  observation  as  well  as  planned  per¬ 
formance  by  the  astronaut  of  his  other  duties. 

Two  infrared  horizon  sensors  are  positioned  at  right  angles 
to  each  other  in  the  spacecraft;(see  Fig.  3-24)  one  for  sensing  pitch  errors,  the 
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other  for  roll  errors.  These  sensors  continuously  scan  earth  and  space 
to  detect  the  "thermal  horizon"  between  the  nearly  absolute  zero  of  outer 
space  and  the  warmth  of  the  earth's  troposphere.  This  horizon  is  the  best 
available  stable  reference  for  establishing  a  vertical  to  the  earth  below, 
affording  accuracies  of  better  than  ±1°  from  the  true  local  vertical.  Using 
this  reference,  the  sensors  generate  electrical  signals  which  are  used 
to  periodically  correct  the  inertial  platform  which  is  the  primary 
stabilizing  element  in  the  Mercury  Spacecraft.  Each  sensor  contains  a 
detector  for  converting  received  infrared  radiation  to  an  electrical  signal, 
a  rotating  prism  for  scanning  the  detector  across  earth  and  space,  and 
a  transistorized  electronics  system  for  processing  the  detector's  elec¬ 
trical  output  signal  and  converting  it  to  the  form  of  pitch  and  roll 
correcting  signals,  in  a  package  5  i/2  inches  long  x  5  1/2  inches  diameter, 
including  mounting  flange. 

The  accuracy  with  which  the  earth's  infrared  horizon  can 
be  determined  is  affected  adversely  by  reflected  solar  radiation,  which 
could  produce  disturbing  discontinuities  from  cloud  edges,  topographical 
features,  or  the  night/ day  division  line. 

Fortunately,  spectral  filtering  will  separate  reflected 
soia.r  radiation  from  the  earth's  self-emission.  Solar  radiation  has  a 
color  temperature  of  about  6000  K,  and  appears  almost  entirely  in  the 
spectral- region  from  0.2  to  2  microns.  The  earth,  at  a  much  lower 
temperature,  radiates  in  the  long  wavelengths,  and  a  thermal  detector  with 
high  sensitivity  to  long  wavelengths,  a  system  can  be  xnade  almost  completely 
independent  of  solar  radiation,  A  suitable  combination  is  a  germanium  filter  with 
a  tliermistor  detector.  Germanium  is  completely  opaque  below  1,8  microns,  and 
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transmits  reasonably  well  between  1.8  and  20  microns.  Fig.  3-25  illustrates 
the  spectral  distribution  of  radiation  received  from  the  earth  from  a  point  in 
space  and  (dotted  line)  the  transmission  characteristics  of  germanium. 

The  horizon  sensor  will  occasionally  scan  the  sun.  Pre¬ 
cautions  must  therefore  be  taken  so  that  this  condition  will  not  generate 
false  data  or  possibly  damage  the  detector  with  too  long  a  period  of  con¬ 
centration  solar  energy.  In  the  Project  Mercury  capsule  the  sensor  operates 
only  for  short  periods  at  regular  intervals,  so  a  sun  shutter  operated  by  a 
centrifugal  force'  was  incorporated.  Thus,  the  shutter  opens  only  when  the 
scanner  is  rotating  and  is  not  damaged  by  brief  scanned  exposure  times. 

Fig.  3-26isablock  diagram  showing  electronics  and  function  circuits. 
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Figure  3-25  Spectral  Distribution  of 
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Figure  3-26  Horizon  Sensor  Block  Diagram 


The  1959  Alpha  (Vanguard  II)  satellite  included  a  cloud  cover 
experiment  (Ref.  272)  developed  by  the  U .  S.  Army  Signal  R.esearch  and 
Development  Laboratory.  The  instrumentation  used  two  pliotocells,  each  at 
the  focus  of  one  of  two  optical  telescopes  aimed  in  diametrically  opposite 
direction  at  an  angle  of  45°  from  the  spin  axis  of  the  satellite.  As  the  satellite 


Fifth  US-IGY  Satellite,  IGY  Bulletin,  Number  22,  April  1939 
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circled  the  earth,  the  photocells  measured  the  varying  intensities  of  sunlight 
reflected  from  clouds  (about  80%),  land  masses  (15-20%),  and  sea  areas  (5%). 

The  satellite's  spin,  about  50  rpm,  caused  the  photocells  to  scan  the  eartlr  in 
successive  lines,  producing  a  lined  picture  not  unlike  a  television  picture. 

The  measured  reflection  intensities  were  converted  into 
electrical  signals,  wliich  were  stored  in  a  type  recorder  within  the  instrument 
package.  Separate  solar  batteries  turned  on  the  recorder  only  when  the  earth 
beneath  the  satellite  was  in  daylight,  giving  50  min  of  data  per  orbit.  The 
75-ft  loop  of  recording  tape  accommodated  all  scanning  data  from  the  sunlit 
part  of  a  single  orbit.  Once  in  each  orbit,  a  selected  ground  station  interrogated 
the  satellite  by  signalling  a  command  receiver  within  the  satellite,  causing  the 
entire  tape  to  be  played  back  in  60  sec.  The  tape  was  then  "erased”  and  the 
system  triggered  to  begin  recording  again.  At  the  interrogating  ground 
station,  the  data  were  received  on  a  wide-beuid  magnetic  tape  recorder  and 
the  tape  was  immediately  air- mailed  to  the  US  Army  Signal  Research  and 
Development  Laboratory  for  analysis  and  conversion  into  cloud-cover  pictures. 


Cuiawey  Diasram  of  Satellite  1969  Alpha,  The  tnelrurnenlalton  consists  of  (/)  photocell 
light  shields,  (f)  recorder,  (3)  interrogation  radio  receiver,  (4)  meteorological  data  transmit¬ 
ter,  (5)  photocell,  (6)  data  electronic  equipment,  (7)  tracking  transmitter,  and  (S)  mercury- 
cell  balteries.  From  US  Army  photograph.. 

Figure  3 -27 
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The  Tiros  I  weather  satollilo  launched  April  I,  1960  (Rel.  Z7J) 
sent  back  over  ZO,  000  usable  TV  pictures  of  the  earth  and  its  cloud  cover. 
Functionally,  Tiros  I  consisted  of  two  separate  nearly  identical  systems 
differing  only  in  the  type  of  lenses  (wide-angle  and  nar row- angle)  of  the  TV 
cameras  used.  Each  system  consisted  of  a  television  camera,  a  magnetic 
tape  recorder,  a  TV  transmitter,  suitable  command  circuitry  and  a  beacon 
for  tracking  purposes.  A  battery  and  solar  cell  charging  system  was  used 
for  power.  The  complete  instrumentation  system  was  quite  complex  to 
track  tlie  satellite,  initiate  a  telemetry  switching  cycle  to  sample  battery 
voltages  and  other  operational  characteristics,  then  command  play  back  of 
recorded  tape,  select  desired  sequence  of  wide  angle  and  narrow  angle  picture 
taking.  The  pictures  were  coded  with  orbit,  altitude  and  sun-angle  information. 
The  TV  picture  was  a  2  second  frame  time,  500  line  scan  requiring  video 
bandwidth  of  62.5  kc.See  Fig.  3-30  for  system  component  arrangement  of 
Tiros  I. 


Tiros  II,  launched  on  November  23,  1960  continues  the 
cloud  cover  experiment  begun  with  Tiros  I.  (Ref.  274)  Additional  sensors 
were  included  to  map  solar  and  infrared,  or  heat,  radiation  in  various 
spectral  bands.  One  of  the  radiation  experiments  consisted  of  five  radiation 
detectors,  oriented  at  45°  to  the  spin  axis,  which  scan  through  a  combination 
of  the  satellite's  rotation  and  its  movement  along  the  orbit.  These  detectors 
measure ; 

1.  The  earth's  albedo- -the  percentage  of  reflectivity  of  radiant  energy, 
or  light- -in  the  spectral  range  0,2-5  microns, 

2.  Infrared  radiation  emitted  by  the  earth  and  atmosphere  combined 
in  the  range  7-30+  microns. 

3.  Emitted  infrared  radiation  coming  through  the  atmospheric 
"window"  (the  portion  of  the  electromagnetic  spectrum  to  which  the  atmosphere 
is  quite  "transparent")  in  the  range  8-12  microns.  Measurement  in  this 
spectral  rang.s  should  supply  infornriation  that  may  permit  (a)  cloud  detection, 
especially  at  night  and  over  areas  where  the  TV  cameras  are  not  operated; 

(b)  determination  of  cloud-top  temperatures  and,  accordingly,  a  rough  measure 
of  cloud-top  height;  and  (c)  determination  of  surface  temperatures  over  cloud- 
free  areas. 

4.  Radiation  from  the  water-vapor  spectral  band,  6.3  microns  ±  5%. 
These  measurements  should  show  the  geographic  distribution  of  the  approximate 
upper  margin  of  water  vapor  in  the  atmosphere,  which,  in  some  places,  may 

be  near  the  height  of  the  tropopause  (about  20,000-50,000  feet  about  sea  level). 


273  Mesner,  M.  H.,  "Signal  Processing  In  Tiros  I  Instrumentation  System" 
IRE  Transactions,  Fiftli  National  Symposium,  I960  on  Space  Electronics  and 
Telemetry. 

274  "The  Tiros  II  Cloud- Cover  and  Infrared  Satellite",  IGY  Bulletin,  No.  43, 
January  1961. 
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.  3-30  System  Component  Arrangement  of  Ti 


5,  Visible  radiation  in  the  spectral  range  0.5-0. 7  microns.  This 
visual  channel  intended  to  provide  maps  of  visible  radiation  for  use  in  relating 
the  television  pictures  and  the  nonvisiblc- radiation  maps. 

The  second  radiation  experiment  consists  of  two  sejjsors;  one 
white  and  the  other  black,  which  together  mcasiirc  the  heat  balance  of  the 
portions  of  the  earth's  surface  and  atmosphere  viewed  by  the  wide-angle- 
television  camera.  The  white  sesisor  measures  heat  radiation  from  the  earth 
while  the  black  sensor  measures  both  visible  (reflected  solar  radiation)  and 
heat  radiation. 

(4)  Nuclear  and  Penetrating  Radiation  Measurements 
(a)  X-Ray  Measurements 

Solar  ultraviolet  and  X-ray  radiations  are  responsible 
for  the  formation  of  the  earth's  ionosphere.  They  are  variable  and  produce 
day-to-day  and  seasonal  changes  in  ion  density.  During  solar  flares,  these 
radiations  cause  sudden  ionosphere  disturbances  which  seriously  disrupt 
long-range  radio  communication  and  navigation  systems.  Collection  of  data 
on  these  radiations  may  enable  improvements  in  predictii'\g  the  range  of 
short-wave  communications.  Satellites  have  been  instrumented  for  the  purpose 
of  measuring  X-ray  intensities  and  variations. 

An  experiment  to  mcasui’e  X-radiation  from  the  sxin 
and  its  effect  on  the  earth's  atmosphere  was  included  in  the  1959  Eta  earth 
satellite  (Ref,  275).  The  main  components  of  the  experimental  equipment 
were  two  identical  ionization  chambers  which  were  sensitive  to  wavelengths 
of  1-10  Angstroms  (X-rays  in  this  range  are  produced  in  solar  flares.)  The 
ionization  chambers  were  oriented  about  120"  apart  on  the  satellite's  equatorial 
plane  and  the  maximum  signal  occurred  when  an  ionization  chamber  "looked" 
in  the  direction  of  the  sun. 

The  1959  Eta  X-ray  instrumentation  equipment  also 
included  an  electrometer  circuit  and  a  peak- reading  rueiDory  device.  Currents 
generated  in  the  ionization  chambers  were  amplified  by  the  electrometer  circuit 
and  the  memory  de-vice  retained  the  maximum  Z-ray  signal  received  during 
orbit.  The  memory  core  was  the  controlling  elennent  in  an  audio  oscillator 
which  modulated  the  satellite's  telemetry  transmitter  upon  interrogation  by 
a  ground  station.  Analysis  of  the  modulation  provides  information  on  the 
intensity  variations  and  energies  of  X-rays  entering  the  ionization  chambers. 


275  Same  as  Reference  263  op.  cit.  pi  12 
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Fig.3-31  This  is  a  cutaway  drawing  of  the  gamma  ray  astronomy  satellite 
(S-15).  A  project  of  the  National  Aeronautics  and  Space  Administration, 
the  highly-sophisticated  S-15  is  designed  to  detect  and  measure  high 
energy  gamma  rays  emitted  by  the  sun,  stars  ond  galaxies.  It  will  be 
man's  first  attempt  to  measure  these  very  high  energy  rays  from  sources 
other  than  the  earth. 
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The  1959  Iota  carried  X-ray  ionization  chambers 
with  beryllium  windows  and  filled  with  argon  gas  (Ref.  276).  These  detectors 
were  sensitive  to  wavelengths  of  3  to  15  Angstroms. 

An  X-ray  ivonization  chamber  was  used  on  the  i960  Eta  2 
satellite.  It  contained  a  beryllium  window  with  a  surface  density  of  0.0  25 
gm/cm^  and  an  open  area  of  2.33  cm^  (Ref.  277).  Th-,  absorbing  gas  was 
argon  at  a  pressure  of  760  mm  Hg.  Maximum  efficie.icy  of  the  detector  was 
76%  and  occurred  at  2.8  Angstroms.  The  X-ray  chamber  was  mounted  on  the 
equator  of  the  satellite  behind  the  gap  of  a  permanent  magnet  ha\dng  a  fu  Id 
strength  of  about  3000  gauss.  The  magnet  served  as  a  "broom"  to  prevent 
the  passage  of  low-energy  electrons  of  the  Van  Allen  radiation  belt.  This 
was  nearly  100%  elfective  for  energies  below  0.5  mcv. 

(b)  Plasma  Probe  (R.ef.  278) 

The  plasma  experiment  of  Explorer  X  was  to  obtain 
measurement  of  very^-low- ene rgy  protons  coming  to  the,  earth  from  the  sun, 
and  determine  their  direction  of  flow.  An  instrument  weighting  about  2.5 
pounds  v/as  designed  to  measure  the  density,  direction  and  bulk  velocity  of 
interplanetary  plasma.  Positive  and  negative  particles  would  enter  the 
probe  through  a  six-inch  circular  aperature  and  pass  thiough  a  series  of 
grids  behind  which  there  was  a  collector.  With  this  arrangement  the  probe 
was  sensitive  only  to  protons  with  velocities  ranging  from  6  mi/ sec  to  1000 
mi/  sec.  Experiment  was  highly  successful  with  60  hours  of  data  being 
received. 


(c)  Cosmic  Radiation 

Cosmic  rays  are  electrically  charged  particles 
which  bombard  the  earth  continuously  and  from  every  direction.  Being 
markedly  influenced  by  the  earth's  magnetic  field,  low  energy  particles  are 
deflected  toward  the  vicinity  of  the  two  geomagnetic  poles,  and  only  the  more 
energetic  ones  penetrate  at  the  middle  latitudes.  Geiger  counters  and  ioni¬ 
zation  chambers  may  be  used  for  measuring  their  intensity  and  fluctuations. 


276  Same  as  Reference  268  op .  cit .  p.  13 

277  Same  as  Reference  270  op .  cit .  p.3 

278  "Explorer  X  Magnetic- Field  and  Plasina- Probe  Satellite,"  IGY 
Bulletin,  No.  48,  June  1961. 
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Ranger  1  and  2  spacecraft  will  carry  a  quartz- 
fiber  integrating-t^q>e  ionization  chamber  (Ref.  279).  The  chamber  consists 
of  a  sperical  volume  of  argon  gas  contained  by  a  thin  steel  wall  (See  Fig. 3-33). 

The  entire  working  mechanism  is  made  of  fuzed  quartz,  which  is  an  excellent 
electrical  insulator.  The  areas  shown  in  black  in  Figure  3-33  arc  covered  with 
a  conducting  coat  of  aquadag.  When  no  voltage  is  applied,  the  fiber,  which  has 
a  conducting  coat,  lies  about  0.020  inch  from  the  collector.  When  the  power 
is  connected,  the  fiber  is  bent  by  electrostatic  attraction  and  touches  the  collec¬ 
tor,  charging  it  to  the  battery  potential.  The  fiber  then  moves  back  to  its 
rest  position  away  from  the  collector  since  the  fiber,  collector,  and  shield  can 
are  all  at  the  same  potential. 

The  ^’ectric  field  between  the  collector  and  outer  shell 
is  more  than  sufficient  to  collect  all  ions  formed  in  the  argon.  The  ionization 
current  discharges  the  collector  until  the  fiber  again  touches  and  recharges  it, 
simultaneously  producing  a  voltage  pulse  across  a  load  resistor.  Hence, 
the  time  between  pulses  varies^inversely  with  the  rate  of  ionization  in  the  argon; 
a  pulse  occurs  after  about  10”  coulombs  have  been  collected  froin  the  argon. 

The  i960  Alpha  (Pioneer  V)  carried  instrumentation 
to  measure  the  intensity  of  high-energy  radiation  between  the  orbits  of  Earth 
and  Venus,  (Ref.  280).  The  University  of  Chicago  developed  instrumentation, 
a  triple -coincidence  proportional- counter  arrangement,  consisting  of  a  bundle 
of  argon-filled  cylinders,  six  of  them  arranged  around  the  seventh.  The  entire 
bundle,  including  a  thin  lead  shield  to  screen  out  the  lower-energy  particles, 
is  i.wo  inches  square.  Particles  striking  the  counter  ionize  the  gas  in  the  tiny 
cylinders,  causing  electrical  "blips”  to  be  recorded  as  they  penetrate  one  or 
more  cylinders.  The  number  of  cylinders  a  particle  can  penetrate  depends 
on  its  energy  and  direction. 

(5)  Other  Ionization  Measurements 

The  ionosphere  probe  I960  Xi  carried  a  single-grid  ion 
trap  and  a  multiple-grid  ion  trap  to  sutdy  ionization  in  immediate  vicinity  of 
vehicle  including  ion  sheath  effects  in  areas  surrounding  the  vehicle  (Ref.  281), 

The  ionosphere  provides  a  near  vacuum  and  ionization  source  and  it  is  only 
necessary  to  provide  a  grid  and  plate  or  collector  to  complete  a  space  vacuum  tube. 


279  Same  as  Reference  271  op.  cit.  pp.  8-11. 

280  Same  as  Reference  261  < 

281  Same  as  Reference  282. 
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Fig.  3-33  Cross  Section  of  Icn  Chamber  and  Quartz  Integrating  Syste 
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The  wide  variety  of  experiments  necessary  when  ven¬ 
turing  into  unknown  regions  can  be  illustrated  by  a  list  of  the  ranger  1  &  2 
experiments  plan.  (Ref.  282). 


1.  Solar  Plasma 

2.  Solar  Plasma/ 
Cosmic  Radiation 


3.  Cosmic  Radiation - 

4.  Cosmic  Radiation - 

5.  Magnetic  Field 

6.  Neutral  Hydrogen - 

7 .  Cosmic  Dust 


Solar  Corpuscular 
Detector 

Semiconductor  Detectors  & 
Thin- Vf all  Geiger  Counters 

a.  CdS  Photoconductor 

b.  Thin- Wall  Geiger 

c.  Med.- Wall  Geiger 

d.  Au-Si  Counter 
Ionization  Chamber 
Triple-  Coincidence 
Telescopes 
Rubidium  Vapor 
Magnetomete  r 
Lyman  Alpha  Telescope 
Micrometeorite  Composite 
Detectors 


-  6  detectors,  33  lb. 
total,  2.74  wpwr. 

-  6  detectors,  3.8  lb. 
total,  0.16  w  pwr. 


-  1.2  lb.,  4  mw  pwr. 

-  9  lb.  total,  0.5  w  pwr. 

-5.75  lb.,  4.1  w  pwr. 

-15  lb.,  1.4w  pwr. 

-  3x6x5  1/2  inches, 
3.55  lb.,  0.2  w  pwr. 


Brief  descriptions  of  assorted  instrumentation  includ¬ 
ed  in  the  "Able”  series  (Pioneer  I,  II,  V,  Explorer  VI  and  others)  may  be 
found  in  Ref.  283  and  Ref.  284  discusses  experiments  in  Explorer  VII. 


282  Hibbs,  A.  R.,  Eimer,  M,,  Neugebauer,  M.,  "Early  Ranger  Experi 
merits".  Astronautics,  September  1961. 

283  Coleman,  P.  J.  Jr.,  "Signal  Processing  For  Space  Vehicle  Experi¬ 
ments",  Fifth  National  Symposium  on  Space  Electronics  and  Telemetry, 

I960. 

284  King,  O.  B.,  "Signal  Processing  in  Explorer  VII",  Fifth  National 
Symposium  on  Space  Electronics  and  Telemetry,  I960. 
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A  description  of  the  aeromedical  data  display  as  part  of  the 
overall  monitoring  and  control  of  a  manned  orbiting  space  capsule  is 
presented  (Ref.  285)  illustrating  application  of  bio-instrumentation  in 
space  vehicles. 


The  aeromedical  position  presents  those  quantities  which 
are  considered  to  be  vital  to  the  monitoring  of  the  Astronaut's  physical 
condition.  The  meter  display  is  arranged  so  that  the  four  primary  measure¬ 
ments,  Percent  Oxygen  Remaining  -  Main  Supply,  Body  Temperature, 
Respiration  Rate  and  Pulse  Rate,  are  in  a  column  at  the  left  of  the  display. 
Ranged  to  the  right  of  the  Percent  Oxygen  meter  are  measurements  relating 
to  or  having  causative  effects  upon  the  Capsule  atmospheric  environment  such 
as  Percent  Oxygen  Remaining  -  Emergency  Supply  and  Suit,  Cabin,  Partial 
Oxygen  and  Partial  CO2  pressures,  respectively. 

Likewise,  to  the  right  of  the  Body  Temperature  meter  are 
found  causative  measurements  such  as  Suit  Inlet,  Cabin  and  Inner  Skin  temper¬ 
atures  and  Percent  Coolant  Quantity  Remaining.  The  arrangement  allows 
the  monitor  (in  this  case  a  medical  man)  to  quickly  scan  the  four  most  vital 
meters  vertically  and,  should  trouble  be  indicated  on  either  the  Percent 
Oxygen  or  Body  Temperature  meters,  scan  in  a  horizontal  line  to  the  right 
to  loco-t^  thic  trouble  source « 

In)mediately  to  the  right  of  the  Pulse  Rate  meter  is  the 
Cardioscope,  which  allows  for  EKG  waveform  examination.  Included  in  the 
Cardioscope  circuitry  are  provisions  for  aural  monitoring  of  heartbeat, 
change  of  oscilloscope  writing  speed  and  selection  of  either  of  the  two  EKG 
waveforms  for  display. 

The  analog  voltages  to  drive  the  Respiration  Rate  and  Pulse 
Rate  meters  are  derived  from  specially  designed  counting  circuits.  The 
Respiration  Rate  circuit  counts  respiratory  cycles  over  a  30  second  period, 
while  the  Pulse  Rate  circuit  counts  heartbeats  over  a  15  second  period. 

The  rate-to-analog  system  for  measuring  pulse  rate  consists 
of  dual  decade  counter  circuits.  One  decade  counter  provides  a  continuous  DC 
output  for  display  on  the  DC  meter  for  a  15  second  period  while  the  outer 
decades  are  counting  the  pulses  for  the  next  15  second  period. 


285 

System", 


Ferber,  D.,  "Project  Mercury  World-Wide  Telemetry  and  Display 
Proceedings  of  National  Telemetry  Conference,  I960 
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Fig  3-35  CAPE  CANAVERAL,  FLA.  —  A  Project  Mercury  spacecraft 
carrying  Astronaut  Virgil  I.  "Gus"  Grissom  on  the  Nation's  second  manned 
spoce  flight  landed  in  the  Atlantic  Ocean  about  305  statute  miles  from  here 
and  about  145  statute  miles  east  northeast  of  the  Grand  Bahama  Island  at 
about  7:36  a .m . ,  EST.  today.  The  craft  reached  an  altitude  of  about  118 
statute  miles  and  a  speed  of  approximately  5,310  miles  an  hour. 

The  suborbital  flight  of  the  Mercury -Redstone  4  required  about  16 
minutes.  Preliminary  data  indicate  the  pilot  performed  satisfactorily  during 
flight. 
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The  wave  shaping  circuit  difi'c rcntiate s  between  the  R  wave, 
whicli  ia  used  to  provide  the  count  and  the  T  wave,  wliich  may  approach  the 
amplitude  of  the  R  wave  \inder  certain  conditions.  Figure  3-36  shows  a  typical 
EKG  waveform.  The  output  pulse  of  the  wave  shaping  circuit  is  fed  to  the 
trigger  gate  amplifier.  The  trigger  gate  amplifier  in  turn  develops  a  pulse 
with  a  rise  time  of  less  than  one  microsecond,  which  is  the  requirement  for 
driving  the  decade  counters.  Each  of  the  counting  units  is  comprised  of  two 
decades,  representing  pulses  per  minute  in  units  and  tens.  The  outputs  of 
the  units  and  tens  decades,  which  are  staircase  voltages,  are  added  across 
a  resistor  summing  network  in  the  ratio  of  10  to  1.  Another  decade  counter 
will  count  the  1  pps  timing  signals,  developing  an  output  for  eacli  15  input 
pulses,  thereby  switching  the  trigger  output  from  one  counting  circuit  to  the 
other  and  simultaneously  from  one  switching  network  output  to  the  other.  The 
system  for  measuring  respiration  rate  is  similar  to  that  for  heartbeat  e.N;cept 
that  a  decade  counter  is  employed  which  develops  one  output  pulse  for  each 
30  one  second  timing  pulses. 


In  addition,  the  Aeromedical  Observer  has  available 


immediately  to  his  left,  a  direct  writing,  8  channel  pen  recorder  upon  whicli 
EKG  and  respiration  waveforms  are  available  in  a  familiar  form  as  well  as 
recordings  of  derived  pulse  rate  and  respiration  rate  for  the  purpose  of 


noting  trends . 

Figure  3-36 

Typical  EKG 
Waveform 
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Meaaurenients  of  Vitnl  PhysioloKiral  Klometits  of  .\stronaut  ShoparJ 
Before  and  After  MU-3  Flight 


Postflighl 

^8  hr 

Shipboard 

+3  hr 

Body  weight 

1G9  lb  4  oz 

167  lb  4  oz 

100  lb  4  oz 

Temporature,  °F 

99.0  (rectal) 

100.2  (rectal) 

08  (oral) 

Piilse  per  min 

t)8 

100 

70 

Respiration  per  min 

10 

20 

Blood  pressure,  mm  ITg: 

Standing 

102/74 

Sitting 

120/78 

130/84 

Supine 

100, '70 

Pulse  per  min: 

Heforc  exercise 

68 

76 

After  exercise 

100 

112 

Time  for  pulse  to  return  to 

noriiKil 

mm 

3  min 

Astrotinut's  I'ul^c  nnd  itespiratinn 
VdiAiliims  during  Mli-3  I’light.  Flight 
linn',  C-Jorev  profih',  and  tnnjiir  flight 
evrnis  arc  shnivn  jm  compnri'uin.  Frenin 
arc  os  jiiilou'i/'.  (I)  maximui?i  dijnuinic 
■pressure:  (3)  Innnrh-eehirle  eiinim-  rut- 
t/lj,  spaceerajl-hii'.istcr  sciuiratinn,  and 
spaceenijl  turnaround ;  (3)  oricnlnlion  to 
retm-jire  nlliludc;  (!,)  retro-fire;  (~>J  jc(- 
tixaii  oj  rcliii-puekngi' ;  (0)  t>rieiitatiiin  to 
re-tnlry  attitude;  (7)  JJu  tt .  at  beginning 
oj  re-entry  into  ilenser  atntosphere ;  (S) 
opening  oj  drogue  parachute ;  (ti)  opi  n¬ 
ing  oj  ?nain  ]<ar(irhiilc ;  (Pt)  inigaet  with 
iratcr;  and  (11)  biss  oj  ft  lejnetry  signal. 
:V.‘US.t  diograin. 

Figure  3-37 


Table  3-8 


WADD  TR  61-67 
VOL  I  REV  1 


364 


V 


w-J 


R;'! 


S 


• 


■•t  '  lijsji 


?.W'i!. 


. •«  I 


kvv<: 


•'-'It 


•  I!'  (•■ 

w 


ai*(i. 


m 


I'.'.  V:* 


i^k 


•'-■a*r- 


I 


\  ■  m\ 

.■v\ 


•I" 

'  «h  ' 

',V 


^1/ 


IK.  »* 

II 


•/■l 


7'S; 


’M: 


\.. 


.^vi:  ■■ii"gnrn:- 


li  '  '•  w  I 


V/f\ 


m 


NASA  PHOTO  NO. 

61  -Ranger  II -6 

Fig. 3-38  CAPE  CANAVERAL,  FLA.  --  Atlas  Agena  B  with  the  Ranger  II  payload 
stand  ready  on  Pad  12  for  launching.  Ranger  II  same  as  Ranger  I  designed  to  study 
the  nature  and  activiiy  of  cosmic  rays,  magnetic  fields,  and  rodiation  and  dust  par¬ 
ticles  in  space.  The  experiment  will  also  seek  to  discover  if  the  earth  carries  along 
with  it  a  comet-like  tail  of  hydrogen  gas.  Ranger  II  will  be  aimed  at  the  moon,  but 
will  be  sent  off  on  a  long  trajectory  into  space  reaching  note  than  a  half  million 
miles  from  earth.  The  round  trip  will  take  perhaps  50  days. 
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SECTION  IV 


TESTING  Al'ID  CALIBRATION 

4-1  INTRODUCTION 

The  material  presented  in  this  section  has  been  compiled 
from  information  solicited  from  instrumentation  groups  and  manufac¬ 
turers  of  transducers  and  test  equipment,  and  from  reviewing  a  great 
number  of  technical  reports  and  manufacturer's  bulletins.  An  attempt 
was  made  through  survey  and  solicitation  letters  to  obtain  from  trans¬ 
ducer  user s. general  and  specific  evaluation  and  calibration  techniques 
and  procedures  used  at  their  organization.  Apparently  most  of  these 
procedures  have  not  been  documented  or  at  least  not  in  such  form  to 
be  considered  an  operational  or  functional  method.  Much  of  *-he  testing 
and  calibration  of  instruments  is  done  by  highly  skilled  persons  thor¬ 
oughly  trained  in  the  use  of  their  particular  test  equipment,  and  with 
much  practical  experience  to  evaluate  observed  data  to  determine 
results.  Explanation  and  description  of  their  techniques  are  not  always 
applicable  as  basic  methods,  yielding  step-by-step  procedures. 

Most  of  the  detailed  documentation  has  been  tests  of 
specific  models  of  instruments  to  perform  a  specific  task  related  to 
an  over -all  measurement  or  control  effort.  Tabulated  data  and  results 
as  to  the  instrument  meeting  manufacturer's  specifications  is  usually 
presented.  Analysis  of  test  procedures  rarely  accompanies  the  data 
and  results.  Test  procedures  vary  from  one  instrumentation  group 
to  another  mainly  because  of  different  test  equipment  available.  Good 
test  equipment  is  expensive  and  for  non-production  use  very  versatile 
and  is, therefore,  used  many  times,long  after  better  techniques  become 
known.  Many  test  groups  specialize  in  limited  phases  of  testing  such 
as  for  just  one  environmental  effect,  or  static  tests  only,  or  at  the 
other  extreme  an  over-all  go/no-go  comparison.  It  is  difficult  to 
correlate  data  from  such  individual  groups  to  formulate  general  and 
over-all  iesting  and  calibration  proccdurssv 

A  general  survey  questionnaire  on  telemetry  transducers 
was  sent  to  over  600  transd  icer  manufacturers  and  transducer  user 
organizations.  Returns  from  over  100  of  these  groups  indicated  interest 
in  submitting  transducer  calibration  and  test  techniques.  The  survey 
was  followed  up  with  specific  letters  of  solicitation  indicating  the  type 
of  material  desired  for  inclusion  in  the  handbook.  Most  of  the  returns 
from  these  letters  (and  there  were  only  a  few)  were  quite  narrow  in 
scope,  usually  sales  bulletins.  Some  information  has  been  edited 
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from  this  type  material  and  reference  made  to  other  thought  to  bo  of 
interest  to  the  handbook  user. 


s 


I 


n 


I 

Si* 


There  arc  many  NDS  reports  documenting  very  well 
performance  tests  on  particular  instruments.  They  usually  give  a 
detailed  description  of  the  instrument  tested,  manufacturer's  specifi¬ 
cations,  a  brief  description  of  test  methods  (or  reference  to  a  more 
detailed  report  on  the  use  of  a  particular  measurement  device  or  stand¬ 
ard)  tabulated  test  data  and  perform, ance  characteristics.  Table  4-1  is 
a  list  of  NBS  Reports  pertaining  to  testing  various  transducers.  (Ref.  286) 

4-2  GENERAL 


a.  User  Considerations  (Ref.  287) 


(1) 


Relation  of  Procurement  to  Laboratory  Calibration 


The  procurement  of  transducers  should  be  based 
on  performance  specifications  which  are  commonly  understood  by  the 
manufacturers,  vendor  and  the  end  user.  The  user's  laboratory  calibration 
procedures  should  be  similar  to  the  methods  used  by  the  factory  and  the 
user  would  be  wise  to  request  written  test  procedures  from  the  vendor  as 
part  of  the  procurement  activity.  Mutually  acceptable  test  equipment  and 
methods  will  assist  to  further  define  the  intent  of  the  detailed  specification 
and  to  establish  most  of  the  causes  for  rejection  of  the  transducer.  The 
user  should  not  expect  that  the  specification  will  exactly  fit  all  contingencies 
even  though  it  may  be  rather  concise  and  perhaps  be  of  moderate  length. 

The  vendor's  good  will  can  frequently  be  relied  upon  to  resolve  the  disposi¬ 
tion  of  newly  discovered  undersirable  characteristics. 


Sample  units  should  be  obtained  prior  to  a  major 
procurement  to  provide  evidence  that  the  individual  calibration  data  obtained 
by  the  user  agrees  favorably  with  the  data  furnished  by  the  vendor.  The  user 
should  receive  a  copy  of  the  individual  factory  calibration  data  with  each  trans¬ 
ducer.  The  user's  initial  laboratory  calibration,  which  should  also  serve  as 
a  receiving  inspection,  should  always  agree  with  the  vendor's  data  within  a 


286  Pearlstein,  Joseph,  Bibliography  of  NBS  Reports  on  Performance 
of  Telemetry  Transducers  and  Calibration  Methods,  Diamond  Ordnance 
Fuze  Laboratories,  TR-887,  12  October  I960. 

287  Bronson,  R.  D.,  "General  Comments  on  Laboratory  Calibration  of 
Transducers,  "Engineering  Flight  Test,  Convair,  A  division  of  General 
Dynamics  Corp.,  Fort  Worth,  Texas,  January  13,  1961,  (special  contribution) 
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Tdblo  4-1 


HojK)rly  on  Pcrforni.ince  of  Tcleinrtry  Ti'ansduco rs 


NBS  Kepori 

Inst  runicnl 

Oovice 

M  odo  1 

U  an.gc 

Principle 

Nunibo  V 

Make  r 

Numbe  r 

»1B1 13 

T  rans  ■'ijonics 

a  c  c  c  1  e  r  o  1  n  c  1  e  r 

4-9 

±e)K 

St  rain  ga  gc 

IBl  1  3 

T  rans -Sonic  s 

acceK  roinelr  r 

4-8 

straits  gage 

IBl  18 

T  rans -Sonics 

acceJerometor 

4-1(1 

±l0g 

strain  gage 

*1B1 19 

Trans-Sonics 

acceie  roint«t  e  r 

4-1  1 

±20g 

strain  g;ige 

IBl  33 

Bendix 

inducta  iicc 

oscillator 

TOL-5B 

IBl  30 

Bondix 

angular  position 

va  ri.d^lc 

pickup 

TTO-1  A 

0  to  1  1 00" 

reluct  ance 

*1B137 

Sperry 

pressure  cell 

653322-1020 

0  to  115  p s i 

varinble 
reluct  ance 

1BI4D 

Bendix 

pressxire  cell 

TTP-OA 

0  to  50  psi 

a  r  i  a  b  1  e 
reluctance 

*1B141 

Sperry 

pressure  cell 

653322-1019 

-1  5  to  +85  psi 

variabiC 
r  i.luclaiic  e 

*1B143 

Sperry 

pressure  coll 

653322-1070 

-  3  4  to  +13  psi 

riable 

reluctance 

3192 

Gulton  Mfg.  Co. 

acccleronicter 

A-403 

0.  1  to  600  g 

pU'?-oelcclric 

#3235 

General  Electric 

accclc  voinctcr 

VDA 

±  30g 

pie'^*oeloct  ri  c 

122  C  759G-1 

3261 

Consoiidated 

pressure  cell 

4-310 

0  to  150  j^sig 

strain  gage 

3480 

Giannini 

potentiometer 

851  7A-1  0-20 

0  to  3600^ 

rf»  si  stance 

3490 

Galctronics 

potcnliometer 

LE-84 

0  to  87  inches 

rcsisltince 

3721 

Bourns 

pressure  cell 

702 

0  to  100  psia 

resistance 

3914 

Statham 

accelerometer 

A2C- 15-450 

#  1 .  5  p 

strain  gage 

50  to 

500  cps  up  to  0-13 

7 

41  54 

Consolidated 

velocity  pickup 

4-118  0-1 

2'7soc  or  0-1  OOg 

cU'Ciromagne 

4259 

Wiancko 

acccieromelcr 

A9-1('02 

*5g 

va  ricihle 
rciuci.incc 

4423 

Stathani 

«tiu;ular 

acccleruinoler 

AA6-6-320 

i 6  rad/ see / see 

St  rain  gage 

4541 

Decker  Aviation 

capacitance  to 

1  0  UU4  ti-i  1  00  uuf 

ionisation 

volt,  transducer 

901-1 

diffe  rent  ial 

t  ransduce  r 

4776 

Bourns 

accelerometer 

602 A  No.  1001 
&  1331 

±  5g 

rc  51  stance 

4808 

Statham 

accelerometer 

A17-50-335, 
729.  730 

-tSOg 

strain  gage 

4973 

KistUii* 

pressure  trans. 

SI.N  370,  371 

0  to  1  500  psig 

piozoeiecli'ic 

5175 

Genigeo 

acccle  rtuneter 

GL032  No. 

7762-63 

strain  gage 
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6907 

3299 

3339 

3924 

4222 
44  34 
4094a 

4910 

5730 
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General  Cliavacteristics  oi  Strain  Ga^^c  Accelerometers  Used  in  Telemetry 
Reports  on  Calibration  and  Test  Mctliods 
High-range  accelerometer  calibrations* 

Determination  of  sinnsoLdal  acceleration  at  peak  levels  near  that  of  gravity 
by  the  "chatter"  method. 

Methods  for  steady-state  accelerometer  calibrations  of  to  ±4000g  and  test 
results  of  two  accelerometers.  Model  A33  4-T,  manufactured  by  Gulton 
Manufacturing  Co. 

A  rnethod  of  deti-rmining  dynamic  response  of  a  pu]:re  averaging  FM  discriminator. 
A  torsional  vibiation  ealibralor- 

A  simple,  objective  test  for  cable  noise  duo  to  shock  vibration  or  transient 
pressures. 

The  shock  tube  as  a  facility  for  dynamic  testing  of  pressure  jhckuj^s. 

A  dual  centrifuge  for  generating  low  frequency  sinusoidal  acccle iati(;ns . 


.-V 


-  V  H 

w"  V 


Report 

In  St  run’iri  it 

Doviee  M<»clei 

Raiigi- 

Piincijih: 

Nuiribo  r 

Make  1- 

Nuiiibcr 

531  5 

Markite 

pc'i.eati omet c r  Types  22  34, 

2094 

1.  7Sn  in., 

360° 

resistance 

5705 

Datvan 

pressure 

va’uable 

s’*  .  ■' 

transducer  P103,  6172,  7  3 

0  1.0  30  psig 

reluctance 

6298 

I'ai  1- chi  Id 

potentiomele  r  "  FH  iMPOT" 

'  ' 

No.  771 

360° 

resistance 

6299 

IRC 

pressure 

cell  "COMPUTRAN' 

0  t  o  1  no  psig 

resistance 

6300 

Gonisco 

acceli'roincler  GMO 

±I5g 

resistance 

6336 

Norwood 

pressure 

cell  EFK 

0  to  1  000  psig 

bonded 

strain  gage 

6603 

Donner 

accelerometer  43i0 

sc  rvoed 

force  bal. 

6633 

Humphrey 

accele roniete r  LA03-0304-1 

resistajicc 

tlashpot 

damping 

6651 

Solid  State  Elect. 

pressure  pickup 

v/lth  FM  oscill.  ’'OSCIDUCER” 

0  to  50  psig 

variable 

inductance 

■*  ** 

traiisistor 

oscill* 

:>:> 

6942 

Dynamic  Inst*  Co. 

pressure 

cell  APT-6i-hO 

0  to  50  ps' 

strain  gage 

7066 

Columbia  Research 

accelcTf  letcr  302 

.  03ta4UOOOg 

piezoelectric 

6193 

A  Two-Inch  Range  P 

rccisiun  Mercury  Manometer 

iV'yl 

Htvi 


realistic  tolerance.  After  an  independent  repeat  check,  if  the  user's  data 
still  differs  from  the  vendor's  data  by  an  unreasonable  amount,  the  trans¬ 
ducer  should  be  returned  to  the  vendor  for  recalibration  or  replacement. 

If  the  quantity  warrants  it,  the  ability  of  the  transducer  type  to  withstand 
certain  extreme  environments  may  best  be  judged  by  a  more  complete  en¬ 
vironmental  test  on  a  random  sample  of  a  group  of  identical  type  trans¬ 
ducers. 

(2)  Relative  Measurement  Concept 

Most  of  the  data  requirements  of  flight  tests  are 
satisfied  with  the  measurement  of  a  differential  or  relative  change.  Even 
many  so-called  "absolute"  devices  are  used  to  measure  a,  relative  change 
and  may  ususally  be  laboratory  calibrated  \ising  the  concept  of  Sensitivity 
Slope.  An  example  is  the  resistance-bridge  pressure  transducer  which, 
although  labeled  "Absolute"  and  constructed  with  a  0  psia  reference,  is  an 
instrument  used  as  a  relative  measurement  device.  Since  this  transducer 
is  subject  to  drift,  an  external  balance  is  usually  employed  on  the  aircraft 
and  the  output  is  nulled  at  some  known  reference  pressure;  hence,  the  mea¬ 
surement  technique  assumes  the  relative  concept.  On  the  other  hand,  con¬ 
sider  a  potentiometer -output  absolute  pressure  transducer.  The  output 
voltage  ratio  of  such  a  unit  may  be  used  to  represent  specific  (calibrated) 
input  absolute  pressures.  In  this  case,  the  built-in  transducer  reference 
IfrcSsUie  iw  0  psia.  If  the  transducer  is  to  be  used  without  a  new  "reference" 
stated,  then  the  laboratory  calibration  must  give  a  reference  intercept  point 
as  well  as  a  sensitivity  slope. 

(3)  Transduction  Ratio 

AJ.1  true  "transducers,  "  that  is  those  instruments 
that  have  a  transduction  ratio,  should  be  calibrated  and  used  with  ratio  tech¬ 
niques  in  mind.  Exc.mples  of  such  transducers  are  those  employing  a  resis¬ 
tance  bridge,  potentiometer  or  differential  transformer.  A  resistance  bridge 
is  said  to  have  a  change  in  open  circuit  output  of  Qi  millivolts  per  one  volt 
input  for  a  change  of  one  unit  stimuJus  input.  The  sensitivity  of  a  potentiometer 
(voltage  divider)  output  device  is  similarly  stated  as  Q2  millivolts  per  volt  for 
a  change  of  one  unit  stimulus  input,  and  diffei’ential  transfornrier  output  devices 
are  .said  to  have  a  sensitivity  of  volts  output  per  volt  input  per  unit  stimulus 
input. 
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(4) 


Self-Generating  Transducers 


Self-generating  velocity-type  vibration  transducers 
may  be  calibrated  by  the  ratio  method  against  a  reference  pickup  coil,  com¬ 
monly  called  the  "Monitor"  or  "Signal  Generator"  coil,  in  the  electrodynamic 
sheiker-calibrator.  The  reference  coil  has  a  much  higher  output  than  the 
pickup  under  test  and  is  established  as  a  reference  or  "transducer  standard" 
coil  having  a  known  output  voltage  per  inch  per  second  velocity.  Thus,  the 
pickup  being  calibrated  deflects  a  vacuum  tube  voltmeter  a  certain  amount  and 
a  portion  of  the  reference  standard  coil  output  voltage  can  be  made  to  cause 
the  same  voltmeter  to  deflect  the  same  amount.  The  "portion"  is  read  out  on 
a  calibrated  attenuator. 

Self-generating  piezoelectric  vibration  transducers 
are  usually  calibrated  on  an  electrodynamic  calibrator  shaker.  The  input 
acceleration  amplitude  may  be  determined  from  calibration  curves  by  moni¬ 
toring  the  frequency  on  an  electronic  counter  and  the  shaker  velocity  (monitor 
coil)  amplitude  on  a  voltmeter.  The  output  of  the  piezoelectric  transducer  is 
"read  out"  through  its  associated  cathode  follower  or  amplifier  to  a  suitable 
voltmeter. 

(5)  Typical  Static  Considerations 

A  typical  static  calibration  consists  of  tabular  data 
giving  the  electrical  output  nominally  for  11  static  input  points,  representing 
every  10%  of  full  range,  in  both  increasing  and  decreasing  steps.  Thus,  for 
a  unilateral  input  transducer,  the  calibration  is  started  and  completed  at  the 
same  full-range  end-point  after  21  data  points  are  recorded.  That  is,  output 
datum  is  obtained  fro  each  input  of  0,  10,  20,  30,  40,  50,  60,  70,  80,  90, 

100,  90,  80,  70,  60,  50,  40,  30,  20,  10,  0%  of  full  range.  For  a  symmetri¬ 
cal  bilateral  transducer,  the  calibration  commences  at  the  50%  of  full-range 
input  point  and  output  figures  are  obtained  at  50,  40,  30,  20,  10,  0,  10,  20,  30, 
40,  50,  (50),  60,  70,  80,  90,  100,  90,  80,  70,  60,  50%  of  full  range.  (Note: 
the  third  50%  point  is  shown  in  parentheses  since  it  is  taken  only  when  the 
calibration  must  be  conducted  in  two  halves  as  is  the  case  when  a  centrifuge 
or  spin  table  is  used  for  acceleration  input  stimulus  to  a  plus  and  minus  range 
accelerometer.  ) 

The  data  points  are  plotted  on  suitable  rectilinear 
coordinate  paper.  The  abscissa  is  used  for  the  stimulus  input  and  the  output  is 
plotted  on  the  ordinate  axis.  If  the  smallest  square  on  the  graph  paper  is  either 
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a  1  millimeter  square  or  1  / 20th  inch  square,  then  for  convenience,  it  should 
represent  exactly  0.  5%  of  full-scale  output  and  approximately  0.  5%  of  full- 
scale  input.  The  latter  "rule  of  thumb"  applies  most  specifically  to  potentio¬ 
meter  output  devices  nominally  rated  to  have  an  overall  inaccuracy  tolerance 
of,  say,  ±0.  5%  to  ±3%  of  full  range.  The  resolution  and  suitable  scale  factor 
for  graphs  of  other  devices,  such  as  bridge  transducers,  should  be  selected 
with  the  idea  in  mind  that  the  smallest  division  should  represent  approximately 
0.  5%  of  full  range. 

An  imaginary  ribbon  of  uniform  width,  having  straight 
parallel  edges,  is  superimposed  on  the  data  points  such  that  all  data  points  are 
just  covered  by  the  ribbon.  The  best  straight  line  sensitivity  of  the  transducer 
is  given  by  the  slope  of  the  straight  line  which  bisects  the  width  of  the  ribbon. 

The  maximum  deviation  of  the  transducer  output  from  the  best  straight  line  is 
given  by  plus  or  minus  one -half  the  width  of  the  ribbon  properly  projected  to 
the  input  axis  to  relate  the  tolerance  to  a  percentage  of  full  range.  The  maxi¬ 
mum  deviation  percentage  thus  obtained  includes  all  transducer  uncertainties 
for  the  standard  conditions  as  applicable. 

(6)  Dynamic  Considerations 

In  certain  cases,  it  is  desirable  to  establish  the 
ability  of  a  transducer  to  follow  a  rapidly  varying  stimulus  input.  Many  trans¬ 
ducers,  such  as  accelerometers  and  rate  gyros,  react  dynamically  in  a  manner 
approaching  the  standard  characteristics  of  an  ideal  second-order  system.  If 
the  transducer  characteristics  tend  to  conform  to  a  standard  curve,  the  vendor 
will  probably  state  the  nominal  natural  frequency  and  damping  ratio.  The  me¬ 
thod  of  laboratory  measurement  of  natural  frequency  and  damping  ratio  should 
be  agreed  upon  by  the  vendor  and  user.  Perhaps  if  sinusoidal  inputs  are 
expected  in  the  actual  measurement,  these  should  be  used  in  the  laboratory 
calibration.  If  transient  analysis  is  more  important  in  end  use,  then  these 
characteristics  may  better  be  observed  in  the  decay  curves  which  result  from 
a  step  change  in  the  input  stimulus.  Generally  if  the  damping  ratio  can  be  relied 
upon  to  stay  between  0.  6  and  0.  8,  the  devices  known  to  approach  second-order 
systems  will  produce  dynamic  data  with  sinusoidal  inputs  up  to  a  frequency 
equal,  to  one-third  of  the  natural  frequency  with  less  than  ±5%  error  due  to  dy¬ 
namic  considerations. 
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b.  Transducer  Characteristics  (Ref.  ^88) 

(1)  Accuracy  and  Response 

The  quality  of  the  measurements  performed  t>y  any 
instrument  is  given  by  its  accuracy.  This  accuracy  represents  the  extent 
to  which  the  instrument  readings  approach  the  "true"  values  under  calibration 
conditions.  "True"  values,  in  this  case,  are  determined  by  other  "more 
accurate"  instruments,  and  working  standards  whose  accuracy  can  be  ulti¬ 
mately  referred  back  to  the  prototype  national  or  international  standards  of 
length,  mass  and  time. 

The  accuracy  of  any  instrument  is  the  resultant  of 
all  the  errors  or  measurement  that  play  a  part  in  the  use  of  the  instrument. 

Two  sources  of  errors  arei  the  accuracy  with  which  the  input  to  the  instru¬ 
ment  is  known  during  the  calibration,  and  the  accuracy  with  which  the  output 
of  the  instrument  can  be  measured.  It  is  most  desirable  to  have  these  accur¬ 
acies  about  an  order  of  magnitude  better  than  that  of  the  instrument.  If  this 
is  true,  then  the  instrument  accuracy  will  be  shown  by  the  extent  to  which 
instrument  readings  approach  "true"  values  under  calibration  conditions. 

The  "accuracy"  of  an  instrument  is  usually  expressed  in  terms  of  a  "limit 
of  error"  and  given  as  a  percentage  of  the  full-scale  range  of  the  instrument. 

There  are  many  properties  which  influence  the 
quality  of  the  measurements  performed  by  an  instrument,  particularly  a  tele¬ 
metering  instrument.  Among  them  are  c’lcli  instrument  characteristics  as 
linearity,  hysteresis,  repeatability,  temperature  effects,  acceleration  and 
vibration  effects,  and  others.  In  view  of  the  many  factors  involved,  it  is 
meaningless  to  give  one  figure  of  accuracy  as  an  indication  of  the  quality  of 
the  measurements  possible  without  going  into  elaborate  detail  on  all  the  con¬ 
ditions  under  which  this  figure  applies.  It  is  preferable  to  list  as  many  of  the 
instrument  characteristics  as  is  possible. 

The  properties  listed  above  are  "steady-state  charac¬ 
teristics"  obtained  from  steady-state  calibrations  with  fairly  well  established 
methods  with  the  aid  of  reliable  working  standards.  Since  most  measure¬ 
ments  in  telemetering  are  made  of  time  varying  physical  quantities,  the  dyna¬ 
mic  characteristics  of  the  instrument  v/ill  have  an  important  effect  on  the 
quality  of  the  measurements.  Such  dynamic  characteristics  as  frequency 

Z88  Lederer,  Paul  S.  ,  "General  Characteristics  of  Strain  Gage  Accelero¬ 

meters  Used  in  Telemetry,  "  National  Bureau  of  Standards  Report  No.  6907, 
July  21,  I960,  pp.  18-30. 
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response,  phase  response,  dynamic  linearity,  damping  factor,  distortion, 
variation  of  hysteresis  with  frequency,  and  others  cannot  be  determined  as 
readily  and  precisely  as  the  "steady-state  characteristics,  "  nor  are  the 
methods  and  working  standards  for  their  determination  as  well  established 
or  reliable. 


(2)  Repeatability 

One  of  the  important  characteristics  of  an  instru¬ 
ment  is  the  repeatability  ("precision"  or  "uncertainty"  are  sometimes  used 
to  describe  the  same  property).  It  may  be  described  as  the  variations  in  the 
output  of  the  instrument  under  steady  state  conditions  when  the  same  con¬ 
stant  level  of  input  is  repeatedly  applied.  A  value  for  repeatability  will  have 
meaning  only  if  the  repeatability  of  input  stimulus  and  output  measurement  is 
(preferably  an  order  of  magnitude)better  than  the  repeatability  of  the  instru¬ 
ment  under  test. 


Actually,  two  types  of  repeatability  exist;  short 
term  repeatability  and  long  term  repeatability,  also  called  drift.  "Short 
term"  generally  refers  to  a  period  of  time  of  the  order  of  minutes  over  which 
the  test  is  performed.  Long  term  repeatability  tests  may  occur  over  a  period 
of  days  to  months. 


(a)  Short  Term  Repeatability 

This  type  of  repeatability  may  be  a  function 
of  many  txctors,  such  as  backlash,  imperfect  elasticity  of  elastic  members, 
coldworking  of  elastic  members,  energy  absorption  of  instrument  from  the 
quantity  to  be  measured  and  m.inor  variations  in  the  local  environment. 

Tests  to  determine  short  term  repeatability 
are  performed  with  steady-state  input  at  other  than  zero,  preferably  near 
full  scale.  Short  term  variations  of  the  output  with  zero  input  are  seldom  en¬ 
countered,  Wr  en  they  do  occur,  the  are  usually  the  result  of  stray  pickup  or 
other  fa.ults  o*'  the  output  sensing  equipment  or  possibly,  in  the  case  of  strain 
gage  pickups,  a  noisy  excitation  voltage  supply. 

(b)  Long  Term  Repeatability 

This  is  often  referred  to  as  drift.  It  results 
from  gradual  changes  in  the  property  of  m.aterials,  dimensions,  and  chemical 
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changes,  as  well  as  from  changes  induced  by  varied  environmental  condi¬ 
tions  and  use. 


To  determine  long  term  repeatability,  re¬ 
peated  measurements  of  the  instrument's  output  are  made  over  a  long  period 
of  time  vi  th  zero  input  as  well  as  some  value  of  input  near  full  scale.  From 
these  data,  values  of  long  term  repeatability  may  be  given  in  terms  of  zero 
shift  as  well  as  sensitivity  change  (for  linear  transducers). 

(3)  Linearity 

Linearity  is  a  measure  of  deviation  of  the  transducer 
response  from  a  specified  straight  line.  It  is  important  that  the  straight  line 
be  completely  specified.  Different  numerical  values  of  linearity  may  be  as¬ 
signed  to  an  instrument.  They  depend  on  the  straight  line  to  which  the  linearity 
is  referred.  There  are  two  common  ways  of  describing  the  straight  line:  (a) 
the  straight  line  connecting  the  calibration  point  at  zero  input  to  that  at  full 
scale  input;  (b)  the  best  straight  line  through  all  of  the  calibration  points.  The 
best  straight  line  in  the  latter  case  may  be  just  simply  drawn  by  eye  through 
the  calibration  points  or  it  may  be  determined  mathematically.  The  linearity 
(deviation  from  the  specified  straight  line)  is  generally  given  as  being  "within 
some  percentage  of  full  scale.  " 

Experimentally,  it  is  not  easy  to  determine  linearity 
pr  scisely.  Limitations  are  imposed  by  the  experimental  accuracy  of  the  cali¬ 
bration  and  the  repeatability  of  the  instriiment  under  test.  The  value  of  linearity 
assigned  tc  the  instrument  cannot  be  any  better  than  the  repeatability.  The 
scatter  of  experimental  data  will  limit  the  determination  of  linearity,  so  that 
frequently,  the  conclusion  drawn  is  that  linearity  is  no  worse  than  the  scatter. 

(4)  Hysteresis 

Hysteresis  maybe  defined  as  the  summation  of  all 
effects,  other  than  backlash,  wherein  the  output  assumes  different  values  for 
the  same  value  of  input  when  that  input  is  applied  in  an  increasing  or  decreasing 
direction. 


As  in  the  case  of  linearity,  as  long  as  the  instrument 
operates  well  within  the  elastic  limits  of  its  components  (e.  g.  ,  springs  and 
strain  gages),  the  hysteresis  should  be  quite  small.  As  above,  the  short  term 
repeatability  of  the  instrument  under  test  as  well  as  the  accuracy  of  the  calibra¬ 
tion  will  limit  the  precise  determination  of  hysteresis. 
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(5) 


Resolution 


Resolution  is  a  measure  of  the  degree  to  which 
Small  increments  of  the  measurand  can  be  discriminated  in  terms  of  trans¬ 
ducer  output.  That  is  to  say,  the  smallest  change  in  applied  stimulus  that 
will  produce  a  detectable  change  in  the  transducer  output. 

(6)  Response  to  Transverse  Excitation 

This  phenomenon  is  usually  associated  with  the 
testing  and  evaluation  of  accelerometers.  The  transverse  response  of  an 
accelerometer  represents  the  output  when  acceleration  is  applied  to  the  in¬ 
strument  in  a  direction  perpendicular  to  the  sensitive  axis  of  the  instrument. 
Generally,  the  transverse  response  (also  called  "cross  coupling"  or  "cross 
talk")  is  expressed  as  the  ratio  of  the  sensitivity  of  the  instrument  to  accel¬ 
erations  perpendicular  to  the  sensitive  axis  to  the  sensitivity  to  accelerations 
along  the  sensitive  axis. 

(a)  Transverse  Response  to  Steady-State 

Accelerations 

Much  of  this  transverse  response  is  due  to 
manufacturing  tolerances  and  misalignments  during  assembly,  which  cause 
the  true  sensitive  axis  of  the  transducer  to  be  not  quite  perpendicular  or  para¬ 
llel  (depending  on  design)  to  the  mounting  surfaces  or  other  fiducial  line. 
However,  even  if  the  transducer  is  mounted  so  that  the  sensitive  axis  is  exactly 
perpendicular  or  parallel  to  the  mounting,  a  minimum  amoimt  of  cross  talk  v/ill 
be  present,  referred  to  as  "inherent"  crosstalk.  Crosstalk  is  also  a  function 
of  the  position  of  the  mass  of  the  spring-mass  system.  In  general,  the  effect  of 
transverse  accelerations  on  the  output  of  the  transducer  is  apparently  greater 
when  there  is  also  full-scale  acceleration  applied  along  the  sensitive  axis  than 
when  no  acceleration  is  applied  along  the  sensitive  axis. 

Since  transverse  response  appears  to  be  greater 
when  accelerations  are  also  applied  along  the  sensitive  axis,  tests  are  often 
performed  by  applying  steady-state  acceleration  at  some  known  angle  to  the 
sensitive  axis.  This  results  then  in  two  components  of  the  accelerations;  one 
along  the  sensitive  axis  and  the  other  transverse  to  it.  Unless,  however,  the 
location  of  the  center  of  mass  of  the  seismic  system  is  known  accurately,  the 
above  components  of  acceleration  cannot  be  accurately  determined. 
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A  promising  way  of  determining  the  steady- 
state  transverse  response  appears  to  be  one  which  the  manufacturer  can 
perform  before  the  instrument  is  assembled.  A  known  force  (such  as  a  spring) 
pulling  the  seismic  mass  transversely,  while  weights  hanging  from  the  mass 
simulate  acceleration  along  the  sensitive  direction,  would  allow  determination 
of  the  transverse  response  quite  accurately. 

(b)  Transverse  Response  to  Vibrational  Accelerations 

Accelerometers  will  generally  also  show  a  trans¬ 
verse  response  to  vibrational  accelerations  (sinusoidal  or  transient)  as  well  as 
steady-state  accelerations.  The  effects  of  poor  assembly  methods  during  in¬ 
strument  construction  maybe  magnified  by  resonances.  Laboratory  measure¬ 
ments  of  the  response  to  transverse  vibrational  accelerations  on  the  assembled 
transducer  can  be  quite  good,  since  only  the  direction  of  the  sensitive  axis 
need  be  known. 

(7)  Temperature  Effects 

Slow  changes  in  the  ambient  temperature  may  affect 
the  operation  of  transducers  by  giving  rise  to  zero  shifts,  changing  the  sensi¬ 
tivity,  and  changing  the  viscosity  of  the  damping  fluid  (if  used),  thereby  changing 
the  damping  ratio  and  consequently  the  d^mamic  response  of  the  transducer. 

(a)  Zero  Shift 

Zero  shift  maybe  due  to  unsymrnetrical  chang;  s 
in  dimensions  with  temperature  or  it  may  be  caused  by  temperature  gradients. 
The  amount  as  well  as  the  direction  of  zero  shift  due  to  slowly  changing  am¬ 
bient  temperatures  are  not  readily  predictable  for  any  transducer  but  seem 
generally  reproducible  for  any  particular  transducer  and  may  be  determined  by 
test.  It  is,  therefore,  feasible  in  most  cases  to  reduce  this  zero  shift  by  a 
process  of  temperature  compensation.  With  strain  gages,  for  example,  this 
takes  the  form  of  a  small  resistor,  which  when  added  to  one  arm  of  the  bridge, 
will  undergo  a  change  in  resistance  with  f^mperature  which  will  oppose  the 
zero  shift. 

The  location  of  an  instrument  in  close  proxi¬ 
mity  to  a  rocket  engine  or  to  the  skin  of  a  high-speed  missile  may  result  in 
the  instrument's  exposure  to  thermal  transients.  The  effect  of  such  transients 
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wovild  probably  manifest  itself  in  a  zero  shift,  which  would  be  a  function  of 
the  magnitude  and  duration  of  the  transient.  Temperature  compensated 
transducers  will  be  affected  even  more  than  uncompensated  ones  if  gradients 
exist  between  the  sensor  and  the  comijensating  element. 

(b)  Damping 

In  the  case  of  fluid-damped  accelerometers, 
damping  may  be  affected  by  temperature-induced  changes  in  the  dimensions 
of  the  passages  through  which  damping  fluid  must  pass.  Such  dimensional 
changes  may  be  used  in  some  cases  to  compensate  for  the  change  of  viscosity 
of  the  damping  fluid.  If  an  increase  in  temperature,  which  results  in  a  de¬ 
crease  in  damping  fluid  viscosity,  would  also  decrease  the  size  of  the  passages, 
the  damping  ratio  would  not  change  as  much.  A  practical  way  of  reducing 
error  due  to  viscosity  variations  with  temperature,  as  well  as  other  tempera  - 
ture  errors,  is  by  the  temperature  control  of  the  entire  transducer.  This  is 
done  by  use  of  an  electrical  heater  jacket  and  thermostat.  The  control  tem¬ 
perature  is  usually  in  the  range  of  110“F  to  135“F,  permitting  temperature 
control  of  the  transducer  to  be  effective  up  to  these  temperatures  and  down 
to  temperatures  as  low  as  -65”F.  The  low  temperature  limit  depends  on 
available  heater  power,  transducer  size,  insulation,  etc. 

(8)  Environmental  Extremes 

While  all  environmental  changes  affect  the  measuring 
accuracy  of  transducers  to  some  extent,  if  the  environmental  changes  are 
severe  enough,  the  instrument  may  be  temporarily  or  even  permanently  dis¬ 
abled. 


(a)  Steady-State  Acceleration 

Consideration  of  acceleration  overloading  is 
particularly  important  in  strain  gage  type  accelerometers.  Exceeding  the 
elastic  limit  of  strain  gage  wires,  springs,  or  beam  material  will  introduce 
a  permanent  "set.  "  In  extreme  cases,  the  wires  and  other  parts  may  actually 
break  or  rupture  and  thereby  ruin  the  transducer.  To  prevent  this,  the  manu¬ 
facturer  generally  builds  stops  into  the  transducer  to  prevent  the  moving  part 
from  traveling  more  than  some  nominal  percentage  beyond  its  full-scale  range. 

Accelerations  applied  parallel  or  transverse 
to  the  sensitive  axis  of  other  transducer  type  may  likewise  cause  a  perma¬ 
nent  set  or  rupture.  The  engineer  must  take  into  account  the  predicted 
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magnitude  and  direction  of  acceleration  loading  when  the  transducer  is 
mounted  in  the  intended  vehicle.  Knowledge  of  the  transducer's  construe* 
tion  is  essential  if  he  is  to  decide  whether  or  not  a  series  of  acceleration 
tests  are  to  be  performed  for  evaluation  purposes. 


(b) 


Vibration 


It  is  extremely  difficult  to  determine  the 
effect  of  the  environmental  extremes  experienced  by  a  telemetering  trans¬ 
ducer  in  flight  on  the  accuracy  of  the  data  obtained  from  it.  This  is  not 
only  due  to  difficulties  in  simulating  such  environmental  extremes  in  the 
laboratory,  but  also  due  to  the  fact  that  it  is  hard  to  predict  and  determine 
their  magnitudes  during  flight  tests.  At  present,  there  is  disagreement 
concerning  the  best  way  of  testing  instruments  for  their  tolerance  to  en¬ 
vironmental  extremes.  In  the  field  of  vibration  testing,  for  example,  a 
controversy  exists  between  those  who  test  instruments  by  the  application  of 
sinusoidal  vibrations  over  a  wide  frequency  range,  and  those  who  prefer  to 
apply  a  random  noise  type  of  vibration  spectrum.  The  latter  method  most 
closely  simulates  what  actually  occurs  in  flight.  In  addition,  while  the 
failure  of  an  instrument  due  to  environmental  extremes  is  quite  clear  cut, 
"damage"  or  "unsatisfactory  operation"  allows  a  wide  latitude  of  interpre¬ 
tations.  Another  difficulty  exists  in  the  fact  that  many  cases  of  failure  or 
"damage"  are  due  to  imperfections  of  materials,  poor  assembly,  improper 
inspection,  and  other  factors  pertaining  to  a  particular  instrument  but  not 
necessarily  to  all  instruments  of  the  same  type  or  class.  Thus,  failure  of 
one  instrument  does  not  automatically  imply  failure  of  others  of  the  same 
type  under  similar  circumstances. 

(c)  Acoustic  Noise 


With  the  advent  of  high-power  jet  engines  and 
rocket  engines,  high  acoustic  sound  levels  generated  by  them  creates  another 
environmental  probelm.  These  high  level  sound  pressures  may  excite  to 
resonance  those  structural  members  on  which  transducers  are  mounted,  there¬ 
by  producing  vibration  effects  in  the  transducers.  In  one  case,  it  has  been 
reported  that  an  unbonded  strain  gage  accelerometer,  when  exposed  to  an  acous* 
tic  field  of  about  165  db  intensity  at  600  cps,  showed  outputs  of  the  order  of 
10%  to  30%  of  full  scale.  This  was  apparently  due  to  resonant  excitation  of  the 
instruments'  top  cover  plate  and  transmission  of  this  vibration  to  the  mass 
through  the  damping  fluid. 
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CALIBRATION  OF  LINEAR  ACCELEROMETERS  (Re£.  289,  290) 


The  performance  of  an  accelerometer  can  be  judged  in  terms  of  the 
following  parameters;  range,  calibration  factor,  linearity,  damping,  and 
natural  frequency.  The  simplest  method  of  obtaining  tlie  first  three  is  by 
means  of  a  static  test  setup,  while  the  latter  two  must  be  determined  dyna¬ 
mically. 


Static  Acceleration 


For  static  calibration,  two  practical  methods  of  subjecting 
the  transducer  to  a  precise  acceleration  are  commonly  used.  One  technique, 
known  as  the  2  g  turnover  method,  utilizes  the  earth's  gravitational  field  as 
a  calibration  standard.  Holding  the  instrument  with  the  sensitive  axis  ver¬ 
tical,  a  reading  of  its  indication  is  made;  the  instriiment  is  then  simply  in¬ 
verted  and  another  reading  taken.  The  difference  in  readings  obviously  arises 
from  a  2  g  difference  in  acceleration,  and  a  basic  static  calibration  is  es¬ 
tablished.  As  a  further  elaboration,  the  accelerometer  may  be  mounted  to 
rotate  about  a  horizontal  axis  and,  if  it  has  been  properly  designed  to  have 
negligible  lateral  response,  the  acceleration  applied  along  the  measuring  axis 
will  vary  as  the  sine  of  the  rotational  angle.  Hence,  calibration  points  may 
be  taken  continuously  from  +1  g  to  -1  g. 


S'tatic  accelerations  hxghex  than  1  g  are  generated  in  a  cen¬ 


trifuge.  The  axis  of  rotation  should  be  vertical  so  that  a  ±1  g  ripple  is  not 
superimposed  upon  the  static  acceleration.  Care  should  be  exercised  to  align 
the  sensitive  axis  of  the  test  instrument  on  a  radius  of  rotation  to  avoid  short¬ 
ening  of  the  effective  radius.  Knowledge  of  the  location  of  the  exact  center  of 
mass  of  the  seismic  system  is  imperative.  If  this  information  is  not  available, 
it  may  be  approximated  from  data  of  two  or  more  tests  made  at  the  same  speed 
with  variations  in  the  radius  of  rotation.  Since  the  acceleration  varies  as  the 
square  of  the  angular  velocity,  the  speed  regulation  is  important.  Effective 
systems  of  speed  control  include  the  use  of  a  synchronous  motor  to  power  the 
centrifuge,  or  utilization  of  the  stroboscopic  principle  as  a  means  of  speed 
indication. 


'Calibration  and  Test  of  Accelerometers,  "  Instrument  Note  No.  6, 


Statham  Laboratories,  December  1948. 


290  "Basic  Method  for  Accelerometer  Calibration,  "  Instrument  Note  No.  17, 

Statham  Laboratories,  September-October,  1950. 
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In  calibration  of  a  linear  accelerometer  by  the  centrifuge 
method,  its  linearity  is  inspected  by  imposing  changes  of  acceleration  on 
the  instrument  by  varying  either  the  radius  of  rotation  or  the  speed.  The 
static  acceleration  experienced  in  runs  of  this  type  is  found  by 

a  4TT2N^r/(32.  174  x  43200)  =  2.  840  x  lO'^^j.  (4_i) 

where  r  is  the  radius  of  rotation  of  the  center  of  gravity  of  the  active  mass 
in  inches,  N  is  the  speed  in  revolutions  per  minute,  and  a  is  in  standard  g 
units. 


b.  Damping  and  Frequency  Response 

A  convenient  method  for  finding  the  dynamic  response  of 
an  accelerometer  whose  damping  is  less  than  critical  is  to  observe  the  in¬ 
strument's  response  to  a  step  function  in  acceleration.  A  linear  step  func¬ 
tion  for  a  linear  accelerometer  can  be  approximated  by  suspending  the  ac¬ 
celerometer  from  a  string  over  some  padding.  The  string  is  cut  quickly  and 
the  initial  fall  of  the  accelerometer  will  result  in  a  step  function  of  1  g  am¬ 
plitude.  In  some  accelerometers,  it  is  possible  to  apply  a  step  function  by 
displacing  the  mass  and  suddenly  releasing  it.  The  value  of  the  damping 
ratio  can  be  found  by  measuring  the  height  of  the  first  over- shoot.  Figure  4-1 
may  be  used  to  determine  the  damping  ratio. 

It  should  be  noted  that  the  interval  between  successive  peaks 
of  the  oscillatory  response  determines  the  periods  of  the  free  oscillations 
and  not  the  undamped  natural  period.  Actually,  the  damping  has  nothing  to  do 
with  the  natural  frequency,  but  does  affect  the  period  at  which  free  oscillations 
will  occur.  The  undamped  natural  frequency  can  be  determined  from  the  period 
of  free  oscillations  by  substitution  in  the  following  equation 

fn  =  1/T  Vl  -  h^  (4-2) 

where  T  is  the  period  of  free  oscillations,  and  h  the  damping  ratio.  Except 
for  greatly  underdamped,  low-range  accelerometers,  this  method  is  not 
recommended  for  determining  the  dynamic  response. 

For  a  more  precise  analysis  of  the  transducer's  characteristics, 
it  is  necessary  to  obtain  a  frequency  response  curve.  The  response  of  an 
accelerometer  to  a  sinusoidal  exciting  function  is  shown  in  Figure  4-2,  where 
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DAMPING  DATIO - ^ 


Fig.  4-1.  Height  of  Overshoot  of  Oscillatory  Transients  as  a  Function 
of  Damping  Ratio  for  a  System  with  One  Degree  of  Freedom 

f  =  natural  frequency 
n 

f  =  the  variable  frequency 
h  =  damping  ratio 

If  the  response  of  the  accelerometer  is  plotted  on  the  same 
scale  logarithmic  paper  with  relative  amplitudes  as  the  ordinates  and  actual 
frequency  as  the  abscissae,  it  is  possible  to  superimpose  this  curve  on  the 
master  curves  of  Figure  4~2  to  determine  the  dynamic  characteristics, 
since  the  latter  are  plotted  in  non-dimensionalized  units.  To  do  this,  it  is 
necessary  to  place  the  instrument  response  curve  in  such  a  position  that  the 


WADD  TR  61-67 
VOL  I  REV  1 


382 


oiivu  3Qnind)^v 


WADD  TR  61-67 
VOL  I  REV  1 


383 


low  frequency  points  lie  along  the  unity  amplitude  ratio  lines  and  the  curva¬ 
ture  of  the  higher  frequency  points  lies  between  damping  ratio  lines  of  greater 
and  lesser  curvature,  respectively.  This  procedure  is  illustrated  in  Fi¬ 
gure  4-3.  The  damping  ratio  is  then  determined  by  interpolating  between  the 
damping  ratio  lines  of  the  master  curves,  while  the  natural  frequency  is  given 
by  the  response  frequency  coincident  with  the  unity  line  of  the  frequency  ratio 
of  the  master  curves.  In  the  illustration  given  in  Figure  4-3,  this  corresponds 
to  a  damping  ratio  of  0.  6  and  a  natural  frequency  of  600  cycles  per  second. 

The  frequency  response  curve  of  a  linear  accelerometer  is 
obtaixied  by  calibrating  the  instrument  on  a  shake  table  capable  of  producing  an 
essentially  pxxre  sinusoidal  force  over  a  large  frequency  range.  While  there 
are  many  types  of  shake  tables  suitable  for  calibrating  an  accelerometer,  one 
of  the  simplest  and  easiest  to  use  is  the  electromagnetic  type  of  vibration  ex¬ 
citer.  The  force  in  this  type  exciter  is  generated  by  an  alternating  current 
flow'ing  in  a  tnovable  coil  which  is  positioned  in  a  region  of  high  magnetic  flux 
density-  The  magnetic  field  is  derived  from  a  stationary  field  coil  connected 
to  a  source  of  direct  current.  The  shape  and  strength  of  the  magnetic  struc¬ 
ture  is  such  as  to  insure  the  generated  force  being  dependent  only  on  the  mag¬ 
nitude  of  the  current  in  the  moving  coil.  Since  the  force  genex'ated  is  as  pure 
as  the  current  supplied  to  the  mo\dng  coil,  it  is  necessary  to  use  an  oscillator 
and  power  amplifier  with  low  distortion  characteristics. 

To  calibrate  the  exciter,  the  output  of  a  velocity  type  signal 
generator  coil,  attached  to  the  shake  table  and  moving  in  the  magnetic  field 
of  a  permanent  magnet  rigidly  supported  in  space,  can  be  used.  The  response 
of  the  accelerometer  can  be  measured  with  a  vacuum  tube  voltmeter  having  a 
flat  frequency  response  over  the  range  of  test  frequencies  involved. 

In  a  practical  test  setup,  the  accelerometer  and  signal  coil 
are  clamped  together  firmly  and  attached  to  the  vibration  exciter.  Since  a 
strong  alternating  magnetic  field  will  exist  about  the  driver  coil  of  the  exciter, 
it  is  necessary  to  isolate  the  accelerometer  and  especially  the  signal  coil  so 
that  there  will  be  no  pickup.  This  test  setup  lends  itself  to  a  quick  and  accurate 
determination  of  the  natural  frequency  of  an  accelerometer.  The  accelero¬ 
meter  and  signal  coil  outputs  are  connected  to  the  horiziontal  and  vertical  am¬ 
plifiers  of  an  oscilloscope  and  the  frequency  at  which  the  two  outputs  are  exactly 
in  phase  is  the  natural  frequency  of  the  accelerometer.  The  oscilloscope  am¬ 
plifiers  should  be  checked  for  phase-shift  ei'ror  and  corrected,  if  necessary, 
by  introducing  a  time  delay  network  before  the  proper  amplifier. 
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4-4  CALIBRATION  OF  ANGULAR  ACCELEROMETERS 
a.  General  (ReL  291) 


In  the  calibration  and  test  of  angular  accelerometers,  the 
parameters  of  range,  calibration  factor,  linearity,  damping,  and  natural 
frequency  are  usually  evaluated  on  a  dynamic  basis.  A  torsional  pendulum 
affords  an  angular  acceleration  varying  sinusoidadly.  In  practice,  the 
pendvilum,  with  the  angular  accelerometer  mounted  on  it,  is  deflected  from 
rest  by  a  known  arc  and  instantaneously  set  free.  The  attendant  response 
is  recorded.  Friction  in  the  system  must  be  of  such  minor  significance  that 
the  pendulum  oscillates  at  substantially  the  same  amplitude  for  several 
cycles,  else  determinations  must  be  made  of  the  exact  deflection  at  one  par¬ 
ticular  oscillation.  Range,  calibration  factor,  and  linearity  maybe  obtained 
by  successive  tests  at  varied  initial  deflections.  Damping  ratios  of  less  than 
imity  may  be  studied  by  analysis  of  the  record  of  the  first  excursion  when 
the  torsion  pendulum  is  released.  The  suddenly  applied  cosine  change  in 
angular  acceleration  may,  in  this  instance,  be  considered  a  step  function  and 
the  damping  ratio  determined  by  the  amount  of  over-shoot  by  referring  to 
Figure  4-1  which  shows  the  magnitude  of  over-shoot  as  a  function  of  damping 
ratio.  The  natural  frequency  of  the  angular  accelerometer  must  be  high  com¬ 
pared  to  the  pendulum  freqiency  for  the  use  of  this  technique.  If  6  is  the  ini¬ 
tial  angle  in  radians  of  torsional  displacement,  and  the  undamped  period  of 
oscillation  of  the  pendulum  is  T,  the  suddenly  applied  acceleration  is  given 
by 

=  4'ir^6/T2  radians/sec^  (4-3) 

b.  Torsional  Vibration  Calibrator 


(1)  Description 

Two  disadvantages  of  the  pendulum-generating  har¬ 
monic  motion  method  of  dvnamicallv  te.stinpf  anpular  accelerometers  are  the 

-  -  -  ^  j  •«_»  tj  -  - - 

difficulty  of  easily  varying  the  frequency  of  oscillation  over  the  range  of  inter¬ 
est,  and  the  fact  that  the  amplitude  of  motion  cannot  be  kept  constant.  Damping 
cind  friction  will  decrease  the  motion  of  the  pendulum  until  it  stops.  A  report 
by  Lederer  (Ref.292)  describes  an  electrically-driven  torsional  vibration  cali¬ 
brator  which  generates  steady-state  vibrations  to  be  used  for  dynamic  calibra¬ 
tion  of  angular  motion  transducers,  e.  g.  ,  angular  displacement  gauges  and 


291  "Calibration  and  Test  of  Accelerometers,  "  op.  cit. 

292  Lederer,  Paul  S.  ,  "A  Torsional  Vibration  Calibrator,  "  National 
Bureau  of  Standards  Report.  No.  4434,  October  1955,  pp.  1-7. 
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angular  accelerometers.  With  this  method,  the  amplitude  of  angular  motion 
can  be  kept  constant  at  a  desired  level  and  the  frequency  of  oscillation  can 
readily  be  set  to  the  proper  value.  Figure  4-4  is  a  photograph  of  the  NBS 
system.  This  electrically-driven  torsion  pendulum  is  driven  by  a  two-pole 
dc  motor  with  limited  armature  rotation  (less  than  a  full  revolution).  While 
the  motor  field  is  dc  excited,  alternating  current  is  fed  to  the  armature 
through  flexible  leads.  With  its  shaft  vertical,  the  motor  is  mounted  on  a 
massive  steel  baseplate.  The  shaft  carries  a  table  structure  on  which  the 
trainsducer  to  be  calibrated  is  mounted.  Two  horizontal  helical  springs  under 
tension  are  attached  to  tv/o  rigid  supports  rising  from  the  baseplate  on  either 
side  of  the  motor.  The  other  ends  of  the  springs  are  attached  tangentially  to 
the  table  structure,  thus  supplying  the  necessary  restoring  torque  for  the 
pendulum.  These  springs  and  the  moment  of  inertia  of  the  armature -shaft 
and  table  structure  form  a  mechanical  resonant  system.  An  electronic 
power  amplifier  fed  by  a  low-frequency  oscillator  supplies  armature  current. 
The  angular  table  deflection  is  monitored  by  means  of  a  coaxially  mounted 
rotary  differential  transformer  whose  movable  core  is  rigidly  attached  to  the 
table  structure.  The  stationary  transformer  coil  assembly  is  mounted  on 
a  bracket  fastened  to  the  base  and  a  phase-sensitive  demodulator  delivers  an 
output  voltage  proportional  to  angular  table  deflection.  The  polarity  of  the 
output  voltage  indicates  th^  direction  of  table  deflection. 

(2)  System  Static  Calibration 

The  static  calibration  relates  angxilar  table  deflec¬ 
tion  from  its  "zero  position"  to  the  recorded  output  voltage.  This  "zero 
position"  is  that  one  in  which  the  table  is  kept  by  the  two  springs  with  no 
armature  current  flowing.  The  actual  calibration  consists  of  deflecting  the 
table  structure  by  increments  from  its  "zero  position,  "  measuring  the  de¬ 
flection  of  a  radius  line  on  the  table  by  means  of  an  optical  slide  micrometer 
and  recording  the  output  voltage.  Angular  deflection  is  computed  and  plotted 
against  output  voltage. 

(3)  SysLciii  x'ire^ueinjy  RespOUSe 

Frequency  response  of  this  system  was  checked 
by  continuous  rotation  of  the  differential  transformer  core  at  varying  speeds. 
The  core  was  disconnected  from  the  table  and  the  demodulator  output  fed  into 
an  oscilloscope  with  a  dc  amplifier. 

The  rotor  was  first  turned  slowly  by  hand,  then  by 
a  motor,  and  the  oscilloscope  trace  deflection  noted  to  determine  iny  depar¬ 
ture  from  flat  response. 
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4-5 


Vibration  (Motion  and  Displacement)  Testing  Using 
an  Optical  Device  (Ref,293) 


The  Model  701  Displacement  Follower  device  manufac¬ 
tured  by  the  Optron  Corporation  offers  a  method  analysis  and  calibration 
of  accelerometers,  velocity  pickups,  shake  tables  and  most  displacement 
sensing  devices  where  a  time  relationship  is  desired.  Figure  4-5  is  a 
functional  diagram  of  the  Model  701  device. 


EXIT  SUTS 


END-ON  10  STAGE 
MULTIPLIER  PHOTOTUBE 


45°  MIRROR 


ELECTRONIC  AMPLIFIER 

y 


SCOPE 


Figure  4-5  Model  701  Diagram  of  Operation 


The  instrument  focuses  a  spot  of  light  on  the  work.  A 
photocell  servo  system  causes  this  spot  to  follovv  the  motion  of  the  work. 
The  output  presents  an  exact  waveform  of  the  motion.  The  instrument 
is  accurately  calibrated;  hence  displacement  is  read  directly  in  inches. 


293  Optron  Corporation  Applications  and  Specifications  Data 

Sheet  for  Model  701. 


WADD  TR  61-67 
VOL,  I  REV  1 


389 


Light  from  the  CRT  spot  passes  through  the  beam 
splitter  and  is  focused  by  a  lens  on  the  work.  The  servo  drives  the 
projected  spot  until  it  reaches  an  edge  where  it  locks  on.  This  servo 
keeps  the  spot  riding  the  edge  with  50%  of  the  spot  diameter  above 
the  edge  and  50%  below. 

Any  machined  surface  with  a  sharp  edge  may  be  used 
as  a  target,  such  as  the  top  of  an  accelerometer  or  top  edge  of  a 
shake  table. 


Hence  the  spot  locks  onto  the  top  edge  of  the  work  and 
follows  it.  The  output  waveform  shown  on  the  scope  is  an  exact  du¬ 
plicate  of  the  work's  motion. 

4-6  Sweep-Sync  Displays  for  Back-to-Back  Transducer 

Calibration  (Ref.  294) 

Primary  calibration  techniques  for  microphones  and 
accelerometers  are  difficult  and  tedious.  It  is  often  expef'ient  and 
satisfactory  to  calibrate  an  lonknown  transducer  by  back-to-back 
comparison  with  a  secondary  standard.  The  "Sweep-Sync"  can  play 
an  important  part  in  dual  trace  oscilloscope  displays  of  this  com¬ 
parison. 


Conventionally,  two  VTVM's  and  a  phase  meter  or 
Lissajou  pattern  are  used  to  instrument  back-to-back  calibrations. 
Complete  definition  of  the  output  of  the  unknown  requires  evaluation 
of  distortion,  however,  as  well  as  phase  and  amplitude.  With  a 
dual  trace  oscilloscope  under  "Sweep-Sync"  control,  one  automated 
display  gives  "quick  look"  data  on  distortion,  phase,  and  amplitude. 

The  block  diagram  Figure  4-6  shows  the  setup  for 

accelerometer  calibration.  Amplitude  is  scaled  from  the  oscilloscope, 
in  preference  to  a  meter,  to  avoid  meter  errors  on  the  distorted  wave 
shapes  that  will  be  fotuiu  at  some  frequencies. 

Phase  and  distortion  display  is  unique  and  depends  on 
the  characteristics  of  the  "Sweep-Sync."  This  device  is  a  tracking 


294  From  Chadwick-Helmuth  Co.  Technical  Bulletin  No.  9 
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ACCELSROKPrEKS 


Fig.  4-6  Block  Diagram  for  Accelerometer  Calibration 

sweep  control  for  a  CRO.  From  5  to  20,  000  cps,  it  produces  a  sawtooth 
with  good  A  VC  that  is  locked  in  frequency  to  the  fundamental  of  the  sig¬ 
nal  tJiat  it  monitors.  When  this  sawtooth  is  applied  to  the  horizontal 
amplifier  of  a  CRO,  the  CRO  sweep  gives  automatically  full  width 
display  of  exactly  one  cycle,  no  matter  what  the  frequency.  "Sweep- 
Sync”  cont  rol  can  be  set  to  display  any  number  of  cycles  from  one  to 
fifteen.  In  this  application  two-cycle  display  is  a  good  compromise 
for  optimum  display  of  phase  and  wave  shape  information. 

When  the  "Sweep-Sync'!  has  been  set  to  2-cycle  display, 
the  sweep  v/idth  becomes  720"  of  phase  for  ail  frequencies.  The  gain 
controls  on  the  CRO  can  be  set  for  a  convenient  scale,  say  72  deg  per 
cm,  and  the  phase  relation  between  the  unltnown  and  the  standard  is 
then  directly  sealed  from  the  CRO  as  the  shift  between  peaks  of  the  two 
traces.  Dual  beam  CRO  display  is  preferred  to  Lissajou  for  greater 
accuracy  in  measuring  phase  with  a  distorted  signal,  and  for  greater 
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convenience.  Equal  gain  is  not  required  on  the  two  inputs,  and  the  phase 
is  directly  scaled  in  degrees. 

Equal  enhancement  of  distortion  is  provided.  In  a  con¬ 
ventional  CRO  display  a  change  in  frequency  has  an  accordion-like 
effect  on  thf»  display  which  masks  or  distracts  from  a  wave  shape  change. 
When  the  X  axis  is  "frozen"  by  the  "Sweep-Sync"  control,  any  wave  shape 
change  is  distortion  or  phase  shift,  and  it  is  more  readily  detected 
be  it  narrow  band  or  broad  band.  Dual  beam  CRO  display  is  preferred  to 
a  Lissajou  pattern  so  that  distortion  can  be  compared  between  channels. 

Since  some  CRO  display  is  conventional,  an  additional 
benefit  of  the  setup  is  the  saving  of  considerable  time  other  wise 
spent  manipulating  sweep  controls.  On  the  best  CRO's  sweep  time 
must  be  adjusted  as  frequency  is  changed.  On  less  expensive  CRO's 
sync  controls  require  attention  in  addition.  No  attention  to  the  CRO 
sweep  is  required  with  this  method. 

This  "Sw’eep-Sync"  and  dual  trace  oscilloscope  thus  make 
a  "quick  look  transfer  function  analyzer, "  and  as  such  are  also  useful 
and  effective  in  servo  testing. 

4-7  Vibration  Pickup  Calibration 

A  detailed  report  on  the  calibration  of  vibration  pickups 
(Ref.  295  )  has  been  prepared  by  MB  Electronics.  Their  report  describes 
procedures  to  determine  the  calibration  constant  of  a  vibration  pickup 
by  a  comparison  method  which  gives  excellent  accuracy  by  minimizing 
the  number  of  quantities  which  must  be  accurately  determined  during 
routine  calibrations.  See  Figure  4-7  for  functional  diagram  of  the 
calibration  setup.  The  procedure  lends  itself  to  a  wide  range  of  fre¬ 
quencies  and  has  been  successfully  used  to  2000  c.  p.  s.  The  method 
is  applicable  to  pickups  of  the  displacement,  velocity  or  acceleration 
types  which  are  self-generating  or  equivalent  to  self-generating  types. 


295  Unholtz,  Karl,  The  Calibration  of  Vibration  Pickups  to 

2000  cps  ,  Manufacturers  Technical  Bulletin  from  MB  Electronics,  A 
Division  of  Textron  Electronics,  Inc. 
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Figure  4-7  Schematic  Diagram  of  Vibration  Pickup  Calibration  Setup. 


An  over-all  calibration  of  pickup,  amplifier  and  recorder  is  suggested 
which  is  adaptable  to  all  types  of  pickups.  Upper  frequency  limitations 
are  believed  to  be  the  inability  to  produce  linear  vibratory  motions  in 
the  pickup  rather  than  the  problem  of  measuring  the  motion. 

4-8  Use  of  the  SLIP-SYNC  in  Accelerometer  Calibration  (Ref,296,  297) 


The  "streak"  or  "sandpaper"  method  of  measuring  displace - 
inent  in  a  calibrating  system  is  very  powerful.  As  opposed  to  capacity. 


.  .  -i 


•• 


296  Chadwick -Helmuth  Company  Sales  Memo. 

297  Bulletins  1  and  12,  Journal  of  Environmental  Sciences 
June  1959,  page  9,  "Accelerometer  Calibration" 

April  i960,  page  22,  "Back  to  Back  Calibration  of 

Accelerometers. " 
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inductance,  or  optical  follower  methods,  it  is  an  inexpensive  prime 
dynamic  method,  and  does  not  rely  on  intermediate  static  calibration. 
It  also  shows  interference  by  crosstalk.  However,  it  suffers  from 
the  inverse  square  law  of  diminishing  displacement  with  increasing 
frequency  at  constant  "g",  and  has  no  hope  of  reaching  2,000  cps, 
a  typical  upper  frequency  of  interest  in  environmental  testing  today. 
For  high  frequency  calibration,  it  yields  to  the  more  complex,  costly, 
and  tedious  reciprocity  or  interferometer  techniques. 

The  "streak''  method  fits  well  with  reciprocity  and 
interferometer  methods.  It  is  relatively  cheap  and  rapid.  Trans¬ 
ducers  have  much  more  tendency  to  change  their  basic  sensitivity 
(millivolts/ g),  for  all  frequencies,  than  to  change  their  sensitivity 
at  certain  frequencies.  Thus,  a  quick  check  at  a  single  low  frequency 
can  be  reassuring  if  it  agrees  with  a  previous  expensive  broad  band 
calibration.  50  cps  is  a  popular  frequency  for  this  check.  It  is  far 
enough  from  60  cps  line  frequency  to  avoid  system  distortion  and 
amplitude  problems,  and  at  12.8  g  vector,  it  gives  0.  100  inch  double 
amplitude.  $100  microscopes  with  4  inch  working  distance  (as  Bausch 
and  Lomb  "MACROS COPE")  then  contribute  1%  or  better  accuracy 
to  the  measurement. 

The  conventional  "streak"  method  includes  a  compromise 
between  speed  and  accuracy.  Speed  dictates  that  a  dc  powered  light 
illuminate  the  emery  cloth  target  head-on.  This  results  in  bright 
elongated  targets,  easy  to  identify  and  measure  with  the  microscope. 
However,  the  streak  length  is  then  target  displacement  plus  spot 
width,  which  must  be  measured  or  estimated  and  subtracted  out. 
Accuracy  dictates  that  the  light  illuminate  the  target  almost  90% 
from  the  microscope  line -of -sight.  Spot  width  is  then  effectively 
zero,  but  the  resulting  faint  traces  are  barely  discernable  in  the 
microscope  field,  and  their  measurement  is  painstaking  and  fatiguing. 

Introducing  the  SLIP-SYNC  and  STROBEX  removes  the 
necessity  for  the  emery  cloth  target,  and  removes  the  compromise. 
With  slow-motion  "off  and  direct  strobe  illumination,  the  moving 
specimen  is  "frozen"  in  the  field  of  the  microscope.  Invariably  tool 
marks,  edges,  or  markings  on  the  specimen  will  have  contrast  and 
recognition  so  that  the  microscope  cross  hairs  can  be  set  to  a  point 
effectively  of  zero  width.  SLIP-SYNC  controls  then  permit  quick 
"freezing"  first  at  the  top  of  displacement,  and  then  at  the  bottom, 
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for  corresponding  microscope  measurement.  There  is  no  spot  width 
error,  and  the  target  is  bright  and  convenient  to  work  with.  The 
SLIP-SYNC  and  STROBEX  offer  10%  increase  in  accuracy,  and  50% 
increase  in  speed,  over  the  "streak"  method. 


In  addition,  some  recognition  is  offered  of  harmonic  motion, 
and  amplitude  variations,  that  are  very  undesirable  in  a  calibration 
setup.  The  "slow  motion"  effect  from  strobe  illumination  will  be 
smoothly  sinusoidal  for  sinusoidal  movenent.  In  fact,  it  is  a  true  slow- 
motion  replica  of  a  repetitive  displacement  waveshape.  Distortion, 
particularly  if  it  results  in  local  reversals  on  the  waveshape,  is 
recognized  with  slow-motion  "on."  Amplitude  "off.  " 

4-9  A  Vibration  Measuring  System  (Ref.  298) 


Oscillograph  records  of  accelerometer  signals,  showing 
phase,  distrotion,  and  amplitude,  are  ideal  for  analysis  of  sinusoidal 
vibration  tests.  However,  the  technique  has  been  little  used,  for  these 
good  reasons: 

1.  Paper  speed  must  be  proportional  to  shaker  frequency, 
and  must  be  continually  increased  as  shaker  frequency 
increases. 

2.  Paper  speeds  fast  enough  for  high  frequency  vibration 
are  not  a  ailable. 


3.  Even  at  modest  shaker  frequencies,  paper  consumption 
is  great,  and  voluminous  data  defies  data  reduction. 

As  a  result,  a  more  generally  accepted  expedient  is  to 
record  amplitude  only,  either  as  an  "envelope"  on  an  oscillograph  with 
low  paper  speed,  or  as  an  average,  peak,  or  rms  value  of  the  signal  on 
X-Y  plotters  or  oscillographs.  Unfortunately,  this  discards  2/3  of  the 
intelligence  carried  by  modern  "hi-fi"  accelerometers. 


The  "VMS"  ("Vibration  Measuring  System")  permits  continuous 
and  automatic  recording  and  nronitoring  of  phase,  distortion,  and  amplitude. 
The  "VMS"  is  a  sampling  system  creating  a  slow-motion  replica  of 
accelerometer  signals.  Any  replica  frequency  from  1/3  to  3  cps  can  be 
chosen,  and  it  then  remains  fixed,  even  though  the  accelerometer  signal 


298  "A  New  Vibration  Measuring  System,  "  Manufacturer's 

Data  Sheet,  Chadwick  Helmuth  Company, 
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To  create  the  replicas,  audio  oscillator  frequency  "£"  goes  to  the 
SLiIP-SYNC.  The  SLIP-SYNC  substracts  a  difference  frequency,  "  ^  f" 
adjustable  from  1/3  to  3  cps.  This  "f-  f"  sine  wave  is  converted  to 
pulses  which  command  the  SAMPLERS.  This  causes  succt^ssii'C  samples 
to  move  progressively  thru  the  wave  shape  of  their  input  signal,  creating 
a  slow-motion  replica  of  that  signal  at  frequency  "Af”.  The  input 
to  a  SAMPLER  is  normally  the  output  of  an  accelerometer  on  the  shaker 
or  specimen.  This  a.ccelerometer  signal  will  have  a  fundamen.tal  at  shaker 
frequency  "f '  and  may  also  have  harmonically  related  distortion, 

"f  +  2f  +  3f - '1  The  signal  is  reproduced  faithfully  as  "  Af  +  - 

in  the  replica. 

The  "VMS"  does  not  have  application  in  random  or  noise 
testing,  and  in  rare  cases  when  transients,  noise,  or  other  non -harmonic 
signals  are  present  in  sinusoidal  tests  the  "VMS"  will  not  show  them 
in  slow-motion,  but  will  show  that  they  exist. 

The  SAMPLER  output  will  drive  directly  moderate 
frequency  light- spot  galvos,  or  will  directly  moderate  frequency  light- 
spot  galvos,  or  will  drive  the  amplifiers  for  pen  motors  to  produce 
a  permanent  record  of  the  waveshape  involved.  The  resulting  record  has 
a  fixed  distance  for  each  cycle  on  the  record,  whether  it  be  sample  of 
low,  moderate,  or  high  frequency  vibration.  To  make  the  resulting 
record  completely  useful,  the  AUTOMATIC  FREQUENCY  IvlARKER 
generates  coded  burst  for  another  galvo  in  the  recorder  every  two 
seconds,  so  that  shaker  frequency,  correct  to  4  significant  figures  is 
also  on  the  record. 

Distortion  is  an  oft-overlooked  problem  in  vibration 
testing  and  analysis.  High"Q"  resonances  in  the  specimen  will  respond 
to  the  harmonic  content  of  the  shaker  system,  amplifying  it  until  it  may 
exceed  the  fundamental.  Tn  extreme  cases  specimen  response  at  the 
fundamental  may  be  imperceptable,  with  input  at  fundamental  fre¬ 
quency,  and  response  at  some  harmonic  of  this  frequency.  In  any  sinus¬ 
oidal  vibration  test  there  will  be  frequencies  where  an  rms  or  peak  or 
average  "g"  reading  is  meaningless  because  it  consists  of  several 
frequencies. 


Phase  is  a  powerful  tool  in  vibration  testing.  It  is  essential 
to  calculation  of  stress  between  two  instruniented  points.  Two  points 
in  phase  with  equal  "g"  create  little  stress,  but  when  they  are  180'' 
out  of  phase  considerable  stress  in  created.  90“  phase  shaft  between 
input  and  response  also  defines  resonance,  and  is  particularly 
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necessary  in  damped  systems.  Phase  shift  between  two  accelerometers 
with  sensitive  axes  parallel  can  also  warn  of  crosstalk.  It  is  also 
essential  to  the  definition  of  mechanical  impedance,  as  the  vector  of 
.force  divided  by  velocity. 

4-10  Pressure  Transducer  -  General  Evaluation  Procedure 

A  set  of  procedures  has  been  formulated  at  Edwards 
Air  Foi'ce  Base  in  Data  Reduction  and  Processing  for  the  general 
evaluation  of  pre.ssure  transducers.  This  information  was  submitted 
by  Mr.  David  Limbacher  of  DRP,  and  is  presented  in  Appendix  V 
of  this  manual. 

4-11  A  Method  for  Calibration  of  a  Dynamic  Pressure  Pickup  (Ref  .299) 

The  object  of  this  work  was  to  devise  a  calibration  method 
for  a  dynamic  pressure  pickup  used  during  the  qualification  of  the 
expulsion  system  and  the  at+^^itude  control  system  of  a  guided  missile, 

A  calibration  fixture  was  designed,  built,  and  tested  at  the  Chrysler 
Corporation,  Ivlissile  Division.  The  burst-diaphragm  method  which  is 
employed  in  the  fixture  produces  a  satisfactory  calibration  curve  and 
can  be  employed  to  calibrate  transducers  of  varying  capacity  which  are 
available  from  manufacturers. 

An  Endevco  transducer,  designed  for  measuring  rapidly 
changing  pressures  and  shock  waves  experienced  in  jet  and  rocket  engines 
and  on  the  external  frames  of  air-'  raft  and  missiles,  wa.s  tested.  This 
sensor  is  made  from  stainless  steel  and  contains  a  special  crystal  cut 
in  the  shape  of  a  thin,  square  plate  and  mounted  on  throe  corners.  The 
crystal  deflects  v/hen  the  pickiip  is  subjected  to  a  variation  in  pressure 
and,  as  a  result,  produces  an  electrical  voltage  output.  This  effect  is 
known  as  the  piezoelectric  effect.  Electric  leads  attached  to  the  two 
surfaces  of  the  crystal  are  connected  to  the  outlet  end  of  the  pickup  through 
which  the  voltage  output  is  conducted  to  the  necessary  instrumentation  for 
recording.  The  pickup  is  provided  with  a  screw  thread  and  an  o-ring  and 
is  simply  screwed  into  the  wall  of  the  unit  in  which  the  pressure  measure¬ 
ment  is  desired. 

The  instrument  indication  which  is  obtained  when  the  pickup 
is  subjected  to  a  variation  in  pressure  is  a  function  of  two  variables: 
the  voltage  output  from  the  pickup  and  the  characteristics  of  the  inter¬ 
vening  circuitry. 


299  Holmfeld,  J,  D.,  "A  Method  For  Calibration  of  a  Dynamic  Pressure 
Pickup",  Technical  Memorandum,  ML-M61,  Chrysler  Corp.,  Missile  Div., 
July  1958. 
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While  the  voltage  output  of  the  pickup,  corresponding 
to  a  certain  pressure  change,  can  be  calibrated  by  the  manufacturer, 
the  cable  characteristics  v/ill  vary  in  different  mounting  arrangements  and 
hence  the  instrument  readings  will  vary  in  different  applications.  If 
the  cable  capacity  is  known,  the  sensitivity  of  the  system  may  be 
calculated  by  use  of  the  formula  given  in  the  amplifier  manual.  If  desired, 
the  sensitivity  may  be  standardized  by  adjusting  the  capacity  switch  of 
the  Endevco  amplifier*  For  greater  accuracy,  however,  the  manufacturer 
recommends  that  Uie  system,  consisting  of  the  pickup,  the  cables,  and 
the  instrumentation,  be  calibrated  for  each  application.  The  standard¬ 
ization  of  the  meter  reading,  to  show  a  certain  fixed  value  for  a  given 
change  in  pressure,  may  be  undertaken  as  part  of  the  calibration 
procedure . 


The  calibration  is  made  by  subjecting  the  pickup  to  a 
knovm  step  change,  in  pressure  and  recording  the  instrument  output  pro¬ 
duced,  This  known  step  change  is  obtained  by  use  of  the  calibration 
fixture  designed  for  this  specific  purpose.  This  fixture  consists  of  a 
pressure  chamber  machined  in  a  steel  block  and  an  attached  diaphragm 
knife.  The  chamber  is  provided  with  three  openings.  Through  one  of 
these,  high-pressure  air  is  supplied  to  the  chamber;  and  in  the  other 
two  openings,  are  placed  the  pickup  and  the  burst  diaphragm. 

The  chamber  is  designed  with  as  small  a  volume  as 
possible  in  order  to  obtain  the  fastest  escape  of  the  air  and  thus  the 
closest  approximation  to  a  true  step  function.  For  the  same  purpose  of 
minimizing  chamber  volume  and  permitting  rapid  decompression  when  the 
diaphragm  is  ruptured,  the  Idgh-pressure  air  inlet  to  the  chamber  is 
a  No.  80  hole  (O.OlSh  in.,  diameter).  The  outer  connection  for  the  high- 
pressure  air  is  an  AND  fitting  permanently  placed  on  the  fixture  and 
permitting  quick  connection  to  the  air-control  circuit.  The  best  diaphragm 
m.aterial  is  exposed  photographic  film,  which  has  the  quality  of  rupturing 
over  its  entire  pressurized  area  when  pricked  with  the  diaphragm  knife. 

The  diaphragm  is  held  by  the  top  plate  of  the  fixture,  which  is  tighened 
down  with  fo'ur  3/8  -  in,  bolts. 

The  high-pressure  air  circuit  is  connected  as  shown  in 
Figure  4-11  The  Heise  gage  must  be  selected  to  suit  the  pressure  range 
over  which  the  pickup  is  to  be  calibrated.  A  block  diagram  of  the  electrical 
circuit  as  connected  is  shown  in  E'igure  4-  12.  The  power  supply  is  an 
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Figure  4-11  High-Pressure  Air  Circuit 


Figure  4-12  Electrical  Circuit 
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Endevco  pov/er  supply,  model  2621,  and  the  amplifier  is  an  Endevco 
amplifier  2614.  The  recording  instrument  is  a  Minneapolis -Honeywell 
Visicorder,  which  provides  a  permanent  record  of  the  output  variations. 
The  galvanometer  in  the  Visicorder  must  be  selected  according  to  the 
pressure  range  (hence,  voltage  output  range)  of  the  pickup  to  be  cali¬ 
brated.  These  galvanometer  ranges  are  given  in  the  booklet  "Opera¬ 
tion  and  Maintenance  Manual- 90 6  Visicorder  Oscillograph"  pp.  5-6, 

The  value  of  the  required  external  damping  resistance  is  given  in  the 
same  section.  The  value  of  the  required  external  damping  resistance 
is  given  in  the  same  section.  The  amplifier  output  resistance  must  be 
2,  5000  ohms  or  greater. 

After  the  transducer  has  been  placed  in  the  calibration 
fixture  and  the  high-pressure  air  circuit  and  the  electrical  circuit  have 
been  connected,  the  following  step-by-step  procedure  is  followed: 

1.  Place  the  diaphragm  over  the  top  opening  and  tighten 
down  the  cover  plate. 

2.  Ope  n  valve  1. 

3.  Close  valve  2. 

4t  Slowly  open  valve  3  until  the  desired  pressure  i,l  the 

chamber  is  obtained  as  read  on  Heise  gage;  then  close 
valve  3,  In  the  event  that  the  pressure  in  the  system 
exceeds  the  desired  value,  reduce  the  pressure  by 
venting  through  valve  2. 

5.  Close  valve  1. 

6.  Start  the  Visicorder  tape. 

7.  Punch  the  diaphragm  knife  to  rupture  the  diaphragm, 

8.  Stop  the  Viscorder  tape. 

9.  Repeat  the  procedure  for  a  new  value  of  chamber  pressure 
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Notes  on  an  Automated  Pressure  Generation  and  Transducer 
Calibration  (Ref. 300) 


Prior  to  the  advent  of  the  aerospace  age,  transducers  were 
used  primarily  as  a  research  tool  and  test  instrumentation  in  research 
programs . 


The  instrument  standard,  in  factory  and  flight  line  testing, 
for  pressure,  was  the  dial  indicator  type  gage  operating  in  accuracy  orders 
of  from  1/4%  of  full  scale  to  3%  of  full  scale.  The  standard  procedure 
was  that  of  selecting  a  specific  operating  range  for  the  gage  of  from  50% 
to  80%  of  full  scale.  The  high  precision  and  improved  reliability  transducers 
has  led  to  the  use  of  large  numbers  of  transducers  in  missiles  as  a 
routine  type  sensing  device. 

A  manually  operated  dead  weight  tester  was  usually  used  to 
test  gages  and  the  early  vintage  transducers.  However,  when  a  number 
of  pressure  points  are  required  for  calibrating  a  wide  range  of  transducers 
over  their  full  scale  capabilityp  the  process  of  manually  placing  weights 
correctly  on  such  a  tester  becomes  a  very  tedious  one  and  subject  to  human 
error  by  the  fatigued  operator  factor. 

The  highly  automated  Model  265  Pressure  Transducer 
Calibrator  is  a  system  which  can  accomplish  in  20  minutes  what  the  average 
technician  could  manually  do  in  8  hours. 

The  Model  265  shown  in  Fig. 4-1 3  is  manufactured  by 
Gilmore  Industries,  Cleveland,  Ohio,  and  has  a  system  accuracy  of  ±.05% 
and  will  maintain  a  specific  pressure  set  point  over  a  several  day 
period  at  ±  .05%  of  the  set  point  value. 

The  unit  is  currently  being  tested  as  a  missile  system 
support  item  by  NASA  Marshall  Flight  Center,  Huntsville,  Alabama. 


300  "An  Introduction  to  Automated  Pressure  Generation  and  Trans¬ 

ducer  Calibration",  Gilmore  Lidustries  Data  Sheet,  3/13/62. 
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Performance  Tests  on  Xvo  Piezoelectric  Crystal  Pressure 
Transducers  (Ref. 301) 


The  following  information  from  an  MBS  report  illustrates  a 
method  of  testing  and  calibration  of  piezoelectric  crystal  type  pressure 
transducers . 

Two  Kistler  Instrument  Company  pressure  transducers, 
type  SLM,  Serial  Nos.  370  and  371  were  tested  in  conjunction  with  a 
"piezo- calibrator".  Model  2,  Serial  No.  89.  made  by  some  company. 

Fig .4-14  shows  construction  of  SLM  transducers.  The  purpose  of  the 
tests  were  to  determine  sensitivity,  hysteresis,  linearity,  repeatability, 
effects  of  static  and  dynamic  temperatures,  response  to  dynamic  pressures, 
effects  of  vibratory  accelerations,  and  time  constants  of  the  transducer 
and  calibrator  combination. 

The  quartz  pickup  and  piezo- calibrator  combination  have 
a  sufficiently  long  time  constant  (on  the  order  of  15  minutes)  to  permit 
calibration  by  measuring  the  charge  generated  by  it  when  a  static  pressure 
is  applied.  In  these  gages,  the  necessary  very  high  leakage  resistance  is 
obtained  by  the  use  of  specially  treated  quartz  crystals,  by  the  use  of 
special  high  resistance  cable,  and  by  very  high  input  resistance  of  the 
calibrator  (a  direct  coupled  single  stage  amplifier  using  an  electrometer 
tetrode).  The  overall  leakage  resistance  is  the  order  of  10^'^  ohms,  which 
contributes  to  the  very  long  charge  time-constant  of  this  system.  In  the 
manufacturer's  description  of  static  calibration,  the  charge  generated  by 
a  known  pressure  is  exactly  neutralized  by  a  charge  applied  to  the 
"Calibrating  capacitor"  in  the  piezo- calibrator  from  a  constant  voltage 
source  by  means  of  a  built-in  precision  potentiometer.  The  electrometer 
amplifier,  together  with  an  oscilloscope  direct- coupled  to  the  calibrator 
output,  act  as  a  null  detector  only;  with  the  resultant  calibration  being  in 
terms  of  potentiometer  dial  division  versus  applied  pressure.  The  charge 
time-constant  is  further  increased  since  the  electrometer  tube  draws  off  less 
of  the  generated  charge  (in  the  form  of  grid  current)  when  that  charge  is 
neutralized.  used  to  sense  dynamic  iressures,  the  electrometer 

circuit  acts  as  an  impedance  matching  preamplifier  from  the  extremely 
high  impedance  of  the  quartz  crystal  gage  to  the  impedance  of  a  voltage 
measuring  device  such  as  an  oscilloscope  or  vacuum  tube  voltmeter.  The 
gain  of  this  preamplifier  as  well  as  the  voltage  applied  to  the  calibration 


301 


Lederer,  P.  S.,  R.  O.  Smith,  Performance  Tests  On  Two  Piezo- 


electric  Quartz  Crystal  Pressure  Transducers  and  Calibrator,  NBS  Report 
4973,  February  1957. 
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potentiometer  are  fixed  by  setting  the  power  supply  current  as  indicated 
on  a  built  in  meter  to  1.00  ma.  In  many  operations,  it  is  desirable  to  have 
zero  output  voltage  when  zero  pressure  is  applied  to  the  gage.  This 
is  achieved  by  having  a  battery  in  the  calibrator  between  the  output  terminal 
and  the  plate  of  the  electrometer  tube  connected  so  as  to  buck  the  plate 
voltage.  A  fine  adjustment  for  zero  output  is  provided  in  the  form  of  a 
small  potentiometer  (screw  driver  adjusted)  in  the  calibrator,  by  means 
of  which  the  voltage  on  the  grid  of  the  electrometer  can  be  adjusted.  This, 
by  changing  the  current  through  the  tube,  will  change  the  voltage  at  the 
plate  of  the  tube.  However,  adjustment  of  this  potentiometer  ("output 
level  adjustment  control")  will  also  change  the  gain  of  the  circuit,  requiring 
the  recalibration  of  the  piezo- calibrator  after  each  adjustment.  Since 
the  static  calibration  of  the  system  results  in  a  value  of  PSI/DIAL.  DIVISION 
using  the  piezo- calibrator  as  a  null  detector  only;  this  value  is  independent 
of  the  gcun  of  the  unit.  For  the  recalibration  of  the  piezo- calibrator  is 
independent  of  the  gain  of  the  unit.  For  the  recalibration  of  the  piezo¬ 
calibrator  it  is  necessary  only  (with  no  pressure  applied  to  the  gage)  to 
move  the  cailibration  dial  a.  number  of  divisions  and  note  the  resulting 
change  in  output  voltage.  From  this,  the  change  is  pressure  represented 
by  the  measured  change  in  output  voltage  can  be  determined. 

Both  pressure  pickups  were  calibrated  statically  in  terms 

A.  V  A  o  WA  V&Xv..  VAA.«iAA  WAl  V'AJ.XAM  a.  Jk  »  AA  VA  Vv  W  ^  X  A  ^ 

tester  supplied  pressures  from  10  psi  to  1500  psi  with  an  accuracy  of 
±0,3%  of  the  pressure,  while  pressures  up  to  14.7  psi  (for  the  lowest 
range)  were  measured  to  within  ±0,5  mm  by  means  of  a  mercury  mano¬ 
meter. 


Before  each  run,  the  voltage  used  to  supply  the  neutralizing 
charge  by  means  of  the  calibration  dial  was  standarized.  This  consisted 
of  setting  the  current  through  a  precision  resistor  to  exactly  1.00  ma  by 
means  of  the  built  in  rheostat  and  millimeter.  Then,  with  zero  differential 
pressure  applied  to  the  pickup  and  the  calibrator  dial  at  zero,  the  input  to 
the  electrometer  circuit  was  grounded  by  means  of  the  range  switch  to  re¬ 
move  any  charge  present.  The  range  switch  was  then  reset  to  the  desired 
range  and  the  resulting  zero  pressure  response  noted  on  a  sensitive  dc 
oscilloscope  coupled  to  the  output  of  the  calibrator.  The  desired  pressure 
was  then  applied  to  the  pickup  and  the  scope  trace  brought  back  to  its  zero 
points.  Pressure  was  applied  in  about  ten  steps  for  each  range,  between 
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zero  and  full  scale.  The  values  of  sensitivity  in  PSI/ DIAL.  DIVISION  were 
obtained  from  the  slope  of  the  best  straight  line  drawn  through  the 
calibration  points.  The  limits  of  calibration  accuracy  using  the  deadweight 
tester  are  estimated  at  ±0.9%  of  the  reading.  The  limits  of  calibration 
accuracy  using  the  manometer  are  estimated  at  ±0.7%  of  full  scale  By 
repeating  one  point  near  full  scale  from  three  to  five  times,  values  of 
short  time  repeatability  were  obtained.  Finally,  except  on  the  lowest 
range,  pressures  were  applied  in  the  following  sequence  in  order  to 
determine  hysteresis;  0.1  of  full  scale,  0.5  full  scale,  full  scale, 

0.5  full  scale  and  0.1  full  scale.  Maiximum  observed  hysteresis  occurred 
at  0.5  full  scale.  The  limits  of  calibration  accuracy  using  the  deadweight 
tester  are  extimated  at  ±0.9%  of  the  reading. 

Pressures  below  atmospheric  were  applied  to  the  gage  by 
means  of  the  laboratory  vacuum  line  and  measured  by  a  mercury  mano¬ 
meter.  The  output  of  the  piezo- calibrator  (15  psi  full  scale  range)  was 
measured  on  the  screen  of  a  direct  coupled  oscilloscope.  The  scope 
was  calibrated  by  means  of  the  calibration  dial  of  the  piezo- calibrator , 
Limitations  of  the  vacuum  line  prevented  going  beyond  490  mm  Hg. 

The  SLM  pressure  transducer  was  also  calibrated  inde¬ 
pendently  of  the  piezo- calibrator  in  terms  of  generated  charge  per  unit 
of  pressure  by  the  use  of  a  commercial  electrometer  (Kiethlet  200  A)  and 
precision  capacitor  (GR  722D).  As  before,  accurately  known  values  of 
pressure  were  supplied  by  the  deadweight  tester.  When  the  electro¬ 
meter  is  connected  to  the  transducer  by  its  cable,  the  applied  pressure 
will  generate  a  charge  in  the  transducer.  This  charge  will  be  distributed 
on  the  capacitor  formed  by  the  quartz  crystals  as  well  as  the  capacitor 
representing  the  cable,  its  connectors,  and  the  input  capacity  of  the 
electrometer.  Since  the  electrometer  measures  the  voltage  across  the 
latter  capacitor,  it  is  only  necessary  to  know  the  value  of  this  capacitor 
in  order  to  compute  the  charge  sensitivity  of  the  transducer. 

The  dynamic  pressure  calibration  was  done  by  means 
of  a  shock  tube.  Step  functions  of  pressure  with  a  rise  time  of  much 
less  than  a  microsecond  and  amplitudes  ranging  from  about  50  to  320  psi 
were  applied  to  the  transducer  flush  mounted  in  the  end  plate  of  the  shock 
tube.  The  resulting  output  from  the  calibrator  was  photographed  from 
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the  screen  of  direct  coupled  oscillograph.  After  each  "shot”  the  oscilloscope 
deflection  sensitivity  was  determined  in  terms  of  divisions  of  the  calibrator 
calibration  dial.  From  the  photograph  of  the  deflection  sensitivity  was 
determined  in  terms  of  divisions  of  the  calibrator  calibration  dial.  From  the 
photograph  of  the  deflected  scope  trace  and  the  static  calibration  of  the  gage 
(in  psi  per  dial  division)  the  pressure  sensed  by  tlie  SLM  gage  was  com¬ 
puted.  The  shock  amplitude  was  computed  from  shock  front  velociiy  deter¬ 
mined  from  the  transit  time,  measured  to  within  ±10  sec.,  of  the  shock 
wave  between  two  fixed  barium  titanate  gages  mounted  a  known  distance 
apart  in  the  shock  tube  wall, 

SLM  Gage  No.  371  was  tested  for  temperature  effects  by 
inserting  it  in  a  temperature  controlled  chamber  in  such  a  manner  that 
the  cable  end  of  the  gage  as  well  as  the  cable  itself  were  not  subjected  to 
the  test  temperatures.  The  gage  was  screwed  into  a  threaded  pressure 
fitting  connected  to  the  source  of  pressure  and  a  mercury  manometer.  A 
thermocouple  was  inserted  into  the  air  vent  in  the  gage  body.  With  the 
calibrator  in  the  0.5  range,  pressures  of  200  mm  Hg  and  700  mm  Hg 
were  applied  and  the  output  determined  as  a  function  of  calibrator  dial 
divisions  using  a  direct  coupled  oscilloscope  as  null  detector. 

To  study  the  effect  of  rapid  temperature  chaxiges  on  the 
gage,  the  following  experiments  were  performed:  With  the  diaphragm  of 
gage  No.  371  exposed  to  the  air  at  room  temperature  (74  ®F,  aero  pressure), 
the  calibrator  output  (15  psi  range)  was  displayed  on  the  screen  of  a 
direct  coupled  oscilloscope,  with  a  very  slow  sweep.  The  gage  was  then 
rapidly  immersed  to  a  depth  of  about  1/8"  in  a  large  bowl  of  water  at  118  "F, 
The  output  on  the  scope  showed  an  exponential  change  which  leveled  off 
at  the  equivalent  of  -15,5  psi  after  about  125  seconds  (the  direction  of  this 
output  change  being  opposite  to  that  of  a  positive  pressure  applied  to  the 
gage).  At  this  time  with  the  gage  still  immersed,  the  output  gradually  moved 
back  at  a  rate  which,  if  extrapolated,  would  return  it  to  its  original  value 
in  about  450  seconds.  Thus  the  time  required  for  the  temperature  compen¬ 
sation  of  the  gage  to  be  effective  to  the  above  temperature  change  appears 
to  be  575  seconds  or  almost  10  minutes.  The  gage  was  then  screwed  into  a 
dural  block  with  its  diaphragm  exposed.  The  flame  of  a  Meeker  burner 
(about  1300  "F)  was  brushed  across  the  diaphragm,  in  from  about  0 . 2  to 
0.5  second.  The  output  on  the  scope  showed  a.  sharp  dip  (of  the  order  of 
-  2  psi  on  the  15  psi  range)  in  the  same  direction  before.  Then  the  output 
returned  to  its  original  position  in  about  125  seconds.  A  second  run,  ob¬ 
served  with  the  fast  sweep  showed  the  rise  time  of  the  sharp  dip  to  be  a 
little  less  than  100  milliseconds. 
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To  test  for  vibration  effects,  the  SLM  gage  was  rr-ounted 
in  a  threaded  block  on  the  table  of  an  electromagnetic  shal^er  and  subjected 
to  vibration  peak  amplitudes  of  5  to  10  G's  over  a  frequency  range  from 
50  to  1200  cps.  Two  braium  titanate  accelerometers  were  inserted  on  the 
same  block  oriented  so  as  to  sense  extraneous  table  motions.  Frequencies 
at  which  the  amplitudes  of  such  nnotions  exceeded  about  10%  of  the  axial 
table  motion  were  avoided.  The  cable  connecting  the  gage  to  the  piezo- 
calibrator  was  fastened  to  a  bolt  in  the  shaker  body  with  about  10"  of  the 
gage  end  unsupported.  The  cable  itself  was  tested  by  inserting  an  insulat¬ 
ing  wafer  between  the  center  terminal  of  the  SLM  gage  and  the  center 
terminal  of  the  cable  connector.  The  equivalent  output  due  to  cable 
vibration  did  not  exceed  0.002  psi  0-peak/ G  0-peak  over  the  above  fre¬ 
quency  range. 

Each  gage  was  tested  by  applying  vibration  in  two  directions 
in  the  pressure  sensitive  direction  (along  the  gage's  longitudinal  axis)  and 
in  a  transverse  direction. 

4-14  The  Shock  Tube  as  a  Facility  for  Dynamic  Testing  of 

Pressure  Pickups 

Recent  rocket-motor  developments  emphasize  the  pre¬ 
viously  existing  need  for  better  dynamic  pressure  measurements  and  con¬ 
sequently  for  better  means  of  evaluating  gage  or  pickups  intended  for  such 
measurements.  Gages  for  such  purposed  are  usually  small  flush- diaphragm 
pickups  employing  the  strain-gage,  capacitance,  variable  inductance  or 
piezoelectric  principle.  In  rocket  motors  there  are  pressure  changes 
exceeding  200  psi  at  frequencies  exceeding  10  keps .  The  dynamic  properties 
of  an  instrument  may  be  expressed  as  a  plot  of  the  instrument's  response 
to  a  step-function  input,  or  as  a  frequency  response  curve.  While  the 
latter  is  usually  considered  easier  to  interpret,  it  is  difficult  to  obtain  the 
necessary  accurately-known  sinusiodal  input  when  it  must  be  in  the  form  of 
a  pressure.  Step-function  inputs  of  known  pressure  are  more  readily  pro¬ 
duced,  Analog  computer  techniques  have  been  described  for  deriving  fre- 
nnp.ncy  response  curvss  from  stsp-fvincticn  rccord.i?* 

Presently  available  methods  of  producing  sinusiodal  excita¬ 
tion  of  the  gage  fall  far  short  of  the  above  figures  (200  psi  at  10  keps)  in 
either  amplitude  or  frequency  or  both,  so  that  direct  determination  of 
frequency  response  curves  is  feasible  only  to  relatively  low  frequencies 
and  pressures,  A  precisely  known  step  change  in  pressure  can  be  pro¬ 
duced  by  opening  a  valve,  breaking  a  bottle,  or  by  means  of  a  burst 
diaphragm  calibrator,  but  the  rise  times  of  such  negative-going  steps  are 
long  in  comparison  with  the  period  of  a  10  keps  wave  so  that  the  response 
of  gages  to  such  rapid  pressure  changes  cannot  be  studied  by  these  means. 
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A  step-function  for  dynamic  testing  of  pressure  gages  requires 
the  change  from  one  known  pressure  level  to  a  second  known  level  in  a  time 
SJifficiently  short  to  shock- excite  the  gage  under  test,  each  pressure  level 
being  maintained  for  sufficiexrt  time  to  obtain  a  steady  record  of  the  gage 
response.  The  shock  tube  meets  these  requirements  well  for  the  testing 
of  very  fast  gages,  i.e.,  well -damped  gages  of  high  natural  frequency, 
but  for  the  testing  of  gages  which  require  more  than  1  msec  to  attain  steady 
state  response  after  the  step  change,  precise  use  of  the  shock  tube  is 
limited  to  low  amplitude  steps.  Rise  times  around  10  sec  for  a  positive 
pressure  step  can  be  realized  and  the  amplitude  of  the  step  can  be  deter¬ 
mined  from  the  static  measurement  of  initial  pressure  or,  more  precisely, 
from  the  measurement,  of  the  velocity  of  the  pressure  wave.  The  time 
during  which  the  higher  level  can  be  maintained  appears  to  be  limited 
only  by  the  length  of  the  tube  although  actually  the  time  during  which  it 
can  be  considered  constant  it  rather  short,  this  time  decreasing  with 
increase  in  amplitude  for  a  given  shock  tube.  The  amplitude  of  the  step 
is  easily  controlled  from  a  few  psi  to  about  600  psi  in  a  shock  tube  of 
relatively  sinjple  design  and  inexpensive  construction. 

Detailed  discussion  of  the  shock  tube  phenomena  and  its 
usage  may  be  found  in  Refs.  302-6. 


302  Glass,  I.  I.,  Martin,  W.  &  Patterson,  G,  N»  "A  Theoretical  and 
Experimental  Study  of  the  Shock  Tube”,  Univ.  of  Toronto,  UTIA  Report  #2, 
1953. 

303  Emrich,  R-  J.  and  Peterson,  R.  L,.,  "Pressure  Variation  with 
Time  in  the  Shock  Tube",  Lehigh  Univ.  Tech.  Report  #7,  ],956. 

304  Wolfe,  A.  E.  "Shock  Tube  for  Gage  Performance  Studies",  Report 
No.  20-87,  JPL  Cit.,  1955. 

305  Varwig,  R.  L.,  "An  Optical  Shock  Velocity  Measuring  System  for 
the  Shock  Tube",  NAVORD  Report  #3901,  1955, 

306  Smith,  R.  O.  and  P.  S,  Lederer,  "The  Sliock  Tube  as  a  Facility 
for  Dynamic  Testing  of  Pressure  Pickups"  National  Bureau  of  Standards 
Report  No,  4910,  March  1957. 
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4-15 


Load  Cell  and  High  Capacity  Force  Devices 


LoadCell  calibration  is  required  to  accurately  establish 
the  transducer  characteristic  separate  from  the  test  stand  fixtures  and 
recording  system.  In  this  type  of  calibration,  a  known  load  is  applied 
to  the  transducer  and  the  output  is  measured  with  the  calibrator.  To  assure 
transducer  calibration  accuracy,  the  accuracy  of  the  calibrator  should 
be  made  many  times  that  of  the  recording  equipment  used  in  the  actual  test. 
Transducer  characteristics  such  as  linearity,  hysteresis,  sensitivity,  factor, 
temperature  effect,  side  loading  errors,  etc.  are  determined  during  this 
calibration.  Once  the  transducer  characteristics  are  established,  electrical 
calibration  of  the  recording  system  can  be  accurately  and  conveniently 
used  to  check  the  direct  system  calibration.  Separate  calibration  of  any 
type  of  transducer  is  required  --  even  if  direct  system  calibration  is  used 
in  the  test  cell  --  because  transducer  hysteresis  and  creep  are  not 
apparent  during  tlie  system  calibration.  This  would,  of  course,  result  in 
considerable  uncertainty  when  trying  to  achieve  thrust  system  accuracies  of 
plus  or  minus  0.5%  and  better. 

A  number  of  methods  of  applying  load  to  the  transducer  are 
available,  depending  upon  the  accuracy  desired  and  the  range  of  the  load 
cell. 

Some  of  the  available  methods  are  as  follows: 

1.  Hydraulic  loading  with  applied  force  computed 
from  the  pressure  applied  to  a  piston.  The 
Pressure  applied  is  read  on  a  dial  gage, 

2,  Hydraulic  loading  with  the  applied  force  measured 
by  an  NBS  calibrated  load  cell  or  proving  ring 

in  series  with  the  transducer, 

3.  Platform  scale  modified  to  apply  a.  known  load 
on  the  transducer. 

4,  "Dead  Weight"  applied  direetjy  to  the  trans¬ 
ducer.  (Ref. 307) 


307  '  Description  and  Specifications  of  Model  344  series  M  and  S,  Tension- 

Compression  Load  Cell",  Allegany  Instrument  Company,  Inc,  Cumberland, 
Maryland. 
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The  National  Bureau  of  Standards  is  the  source  for  standards 
of  mass  in  this  country.  The  NBS  has  two  deadweight  machines,  one  of 
10,000  lb.  capacity  and  a  second  of  111,000  lbs,  capacity.  {The  two  dead 
weight  machines  will  operate  in  either  compression  or  tension).  They 
state  that  these  weights  are  accurate  to  .02%  of  reading.  Above  these 
weights  proving  rings  are  the  standard  of  force.  The  following  ranges  of 
force  calibrations  can  be  made  at  the  Bureau.  (Ref. 308) 

a)  0  to  10,000  lbs.  with  an  accuracy  of  .02%  of  reading. 
Tension  and  compression.' 

b)  0  to  111,000  lbs.  with  an  accuracy  of  .02%  of  reading. 
Tension  and  compression. 

c)  111,000  to  300,000  lb.  using  three  -  100,000  lb. 
compression  proving  rings.  Accuracy,  0.1% 
(compression  only). 

d)  300,000  to  900,000  lbs.  using  three  -  300,000  lb. 
proving  rings.  Accuracy  0 . 1%.  The  300,000  lb. 
proving  rings  cannot  be  calibrated  directly  in  the 
dead  weight  inachine  so  they  are  one  more  step  re¬ 
moved  from  the  .02%  dead  weights.  By  using 
three  carefully  calibrated  100,000  lb.  capacity  pro¬ 
ving  rings  in  parallel  test  loads  from  111,000  lb,  to 
300,000  lb.  can  be  measiared  at  NBS  within  0.1% 

With  three  300,000  lb. capacity  proving  rings  in 
parallel  test  loads  from  300,  000  lb.  can  be  measured 
at  NBS  within  0,1%, 

e)  900,000  lb.  to  1,500,000  lbs,  (compression  only). 
Five  300,000  lb.  proving  I’ings  are  used  here.  The 
NBS  has  not  stated  the  accuracies  obtained, 

NOTE:  The  NBS  will  calibrate  only  in  compression  over 
111,  000  lbs. 

The  use  of  proving  rings  has  long  been  the  standard  of  high 
capacity  forces,  but  to  verify  0.17o  or  .05%  systems  encountered  in  the 


308  Carleton,  R,  J.  Jr.,  "Precision  High  Capacity  Force  Standards" 

ISA  Conference  Sept,  1960,  ISA  Preprint  No,  36-NY60, 
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missile  industry  (and  commercial  scales  as  well)  they  are  considered  in¬ 
adequate  not  only  because  of  lack  of  compliance  with  the  two  to  one  ratio 
required,  but  more  importantly  perhaps,  the  large  human  element  involved 
in  achieving  the  0,1%  accuracies  of  which  they  are  capable.  A  proving 
ring  must  be  used  at  a  known,  stable  temperature,  and  requires  considerable 
skill  on  the  part  of  the  operator  in  obtaining  zero  load  and  loaded  condition- 
readings,  not  to  mention  the  possibility  of  errors  that  arise  in  data  reduction 
to  obtain  true  load  readings.  A  good  example  of  this  has  been  repeatedly 
observed  at  the  National  Bureau  of  Standards  itself  in  the  calibration  of  high 
capacity  load  cell  systems,  where  the  first  100,000  lbs,  of  calibrating  is 
done  in  the  dead  weight  testing  machine,  and  higher  loads  are  verified 
against  proving  rings.  Invariably,  the  data  will  be  smooth  or  repeatable 
up  to  100,000  lbs.,  with  a  considerable  scatter  of  data  when  switching  to 
proving  rings  for  the  higher  load  calibration. 

There  is  one  further  element  of  doubt,  and  that  is  the 
difference  in  characteristic  of  a  proving  ring  when  leaded  square  as  a  single 
column  load  test  in  the  dead  weight  machine,  as  compared  to  being  loaded 
with  a  flat  top  plate  supporting  three  pro\'ing  rings.  There  is  always  bend¬ 
ing  in  the  upper  plate  when  a  single  300,000  lb.  proving  ring  is  compared 
with  three  -  100,000  lb.  proving  rings  spaced  below.  Since  the  calibration 
is  a  transfer  calibration  there  is  always  another  element  of  error  that 
must  be  added  to  the  individual  100,000  lb,  proving  ring  errors.  We  have 
found  in  testing  load  cells  that  this  bending  of  the  upper  plate  has  an  effect 
on  load  cells.  The  effect  of  eccentric  loads  on  proving  rings  was  reported 
in  National  Bureau  of  Standards  Circular  C454  (1946) . 

The  National  Bureau  of  Standards  has  received  an  appro¬ 
priation  for  dead  weight  testing  machines  of  higher  capacity.  Machines 
of  1,000,000  lbs,  are  in  discussion,  but  completion  date  is  estimated  to  be 
in  1963.  This  means  that  for  the  next  three  years,  the  proving  ring 
systems  referred  to  above  will  be  the  Uruted  States  basis  for  high  capacity 
force  calibration. 

Four  systems  are  mentioned  here,  suitable  for  laboratory 
standards  in  force  measurement.  Each  system  makes  use  of  a  hydraulic 
loading  cylinder  and  frame  with  the  following  measuring  devices;  (Only 
Electric  Load  Cells  will  be  covered  in  detail). 
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1) 


Proving  Rings 


2)  Hydraulic  Capsule 

3)  Lever  Scale 

4)  Electric  Load  Cells 

Gilmore  Industries  is  currently  processing  a  contract  /or 
a  one  million  pound  capacity  unit  of  the  electric  load  cell  type.  Figure  4-15  . 
Basically,  this  is  a  testing  machine  configuration  specially  desinged  for 
force  calibration,  utilizing  a  bonded  strain  gage  load  ceil  measuring  system 
with  digital  readout  as  the  standard.  Such  a  unit  has  a  verifiable  accuracy 
of  .05%  of  the  applied  load.  Because  of  the  limitation  in  dead  weight  cali¬ 
brating  capacities  at  the  Bureau  is  100,000  lbs.,  no  individual  load  cell 
element  exceeds  tliis  capacity.  Multiple  cells,  physically  paralled  and 
totalized  on  one  indicator,  are  used  in  rhe  machine.  For  verification,  they 
are  stacked  in  physical  series  on  the  Bureau's  100,000  pound  dead  weight 
machine,  and  by  this  method  .05%  accuracy  up  to  one  million  pounds  can 
be  verified.  The  Bureau's  machine  has  an  accuracy  of  .02%  (Ref, 309) 

This  approach  has  the  advxintage  of  being  able  to  readily  verify  the  remov¬ 
able  measuring  standard  by  shipping  to  tlie  Bureau  for  periodic  checking, 
simplified  direct  digital  readout  to  eliminate  human  error,  and  a 
considerably  lesser  investment  than  a  full-fledged  dead  weight  testing 
machine. 

It  should  be  noted  that  the  load  cell  standard  system 
discussed  here  in  officially  listed  as  the  field  force  reference  standard 
by  both  the  Air  Force  and  the  Navy  in  the  following  references:Ref,  310 
and  31 !• 


309  National  Bureau  of  Standards  Circular  C446  (1943) . 

310  Air  Force  Technical  Order  No.  33-1-14  dated  21  August  1959,  in 
Appendix  IV,  Section  4A-2,  Item  61. 

311  "Standard  Laboratory  Instruction  Manual"  put  out  by  the  Navy 
Standards  Lab.  at  Pomona  and  listen  in  Appendix  A,  dated  19  July  1959, 
as  Item  29  • 
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The  equipment  consists  of  the  following  items: 

1)  A  one  million  pound  compression  hydraulic  frame 
(Figure  4-15) 

2)  Three  units  of  five  -  100,000  lb.  compression  cells 
and  a  500,000  lb,  digital  summing  type  force  indicator. 

3)  Three  units  of  a  100,000  lb.  Universal  Cell  each  with 
a  digital  Model  170  force  indicator. 

4)  Three  units  of  25,000  lb.  Universal  Load  Cell  and  each 
with  a  digital  Model  170  force  indicator. 

5)  NBS  calibration  on  all  of  the  above  equipment. 

The  system  will  handle  .05%  of  reading  from  5000  lbs.  to 
1,000,000  lb.  by  use  of  three  sets  of  load  cells  and  ii\dicators.  The  items 
3  and  4  are  straight  forward,  one  handling  up  to  25,000  and  the  second 
from  25,  000  to  100,000  lbs.  The  press  is  arranged  to  handle  tension  and 
compression  with  a  double  acting  hydraulic  cylinder  and  the  Universal 
Cells.  The  "Standard  Cells"  are  screwed  to  the  base  of  the  machine  and  the 
rod  of  the  hydraulic  cylinder  mountea  on  the  adjustable  cross  head. 

Electric  load  cells  are  used  to  weigh  the  Atlas  Missile  in 
tanking  on  the  test  sites  in  Cape  Canaveral,  Florida  (See  Fig.  4-17) 

It  is  desired  to  very  accurately  weigh  the  entire  missile  and  also  the  fuel 
that  is  added  before  a  firing.  The  working  weighing  system  consists  of 
four  100,  000  lb.  cells  connected  by  1,000  ft.  of  cable  back  to  the  clock  house 
where  a  digital  force  indicavOr  reads  the  total  weight  on  the  cells.  These 
weighing  systems  have  been  in  operation  since  1957.  As  the  cells  are 
located  only  a  few  feet  from  the  flame  from  a  missile  under  test,  and  are 
flooded  with  flame  as  a  missile  takes  ofr  in  a  flight  test,  there  is  always 
"tlie  .siispiciori  tlist  d.3.ir!cii^c  H?. s  occurred,  in  tlic  wdgliing  syst^^m? 
means  of  calibration  were  considered  such  as  dead  weights,  proving  rings, 
water  tanics,  hydraulic  loads,  and  electric  load  cells.  Since  accuracy  was 
of  prime  importance  and  the  weighing  of  the  fuels  into  the  missile  is  the 
only  true  and  basic  way  of  getting  the  right  amount  of  hiels  into  the  missile, 
some  type  of  force  calibration  means  was  required.  Figure  4-19  shows  a 
sketch  of  the  launcher  frame  and  the  way  it  is  supported  on  four  vertical 
cells.  A  system,  as  shown  in  Figure  4-20  was  bxiilt  to  calibrate  in  the  field 
the  entire  stand  and,  if  desired,  with  a  missile  erected,  the  entire 
system.  Figure  4-20  indicates  the  principle  used  is  the  application  of  a 
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Fig.  4-15  Load  Cell  Calibi-ator,  1,000,000  lb.  Capacity. 
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Fig.  4-16  Mechanical  Lever  Type  Scale  for  Secondary  Force  Standard 

WADD  TR  61-67  417 

VOL  I  REV  1 


\  kN_w‘-  .V— VT/-* 


'  V  .  V 


WADD  TR  61-67 
VOL  I  REV  1 


418 


TVo. 

Sratvre 

Ihm 

ntiiralt- 

bllliv 

<Xerall 

Callbrt. 

Acnirac 

ivimary 

Inalillfid 

1)  l^rovlng 

SUi«Mnl) 

■)  10  100. 0«C 

lb.  nii^a 

Or 

•0.  OS'! 

10.10% 

Priiaiiy 

Nn.<> 

lO  D2% 

head 

WvIgM? 

S  in  1 

Vary  a!.7w 
and  ilitli* 
CTiU.  14 
nf>cratofa, 
not  dir«ef 

103.  ooo 

•Tertltiy 

SMdard 

bM  -  S03,M>D 
tb.  niv* 

•0.  OS^ 

lO.  10% 

S^coodar;- 
lO.  .% 

NW 

1.  S  lo  1 

-  1 

V>ry  i!o% 
and  dJfll 
rati  10 
oparaiora, 

nnl  dlr«<.‘t 

mu.coo 

2)  Hytfi-aulic 

C»» 

•Tenj«0 

Smoda/d 

1  '  i,ooo,  Ouo 
na.  ca(>aulr 

lOVO 

.-■soo 

lb*. 

•0. 2% 

■ 

Scciindafy 
14  Pivv- 

ln(  Rlf^* 

lO.  1% 

2  lo  1 

E.ry 

Paraliw 

vrrari. 

Oract 

loo, 004 

Lh«r 

Se«l« 

*Teni*f7 

l.tM.WO 

Lvrtr  A 

Bmhi 

20 

iC.  02% 

lO.  1S% 

ftM^Hidaiy 

10 

I.S  In  1 

Readily 

1140,000 

4)  Elfvtrtc 

1^  I^IU 

•aMOKury 
--Swatri _ j 

IV  -  lOO.UIVI 
fe.  lOKl 
oalli  nlDi  2 
(adlcKors 

&0 

iO.  02% 

10. 0»i 

Prinary 

^  02% 

2  1/2  to  1 

_ 

Faai  and 
eaay. 

Dlreet 

R*-llf< 

1104,1)00 

•MeJd.  •^»Bonln,rj  9(utdftH-'  ladlcMa*  ofl«  «t«p  ixoicvad  (roin  KttS  prlDtry  drtd  •tlfhl. 
■'I'cniary  SufUrt"  liAMlci  tiro  mivvnl  train  KBS  pilnary  <lc*i|  «el^t. 


Fig.  4-18  Comparison  of  4  Types  of  1,  000,  000  lb.  Secondary  and  Tertiary  Force  Standards 


Fig.  4-19  Load  Cell  Arrangement  for  Force  Component  Measurement 


Fig.  4-20  Block  Diagram  of  Field  Standard  Calibration  System 

V/ADD  TR  61-67  ‘  419 

VOL  I  REV  1 


■-.A.-V 


, 


N  V  VlS.' 


universal  weight  and  thrust  facility 

CONTRACTOR  HUNTCR-BRISTOL  OtV.  THIOKOL 
^  INSTRUMENTATION  SYSTEMS  BY  OILMORE  WDOSTRIES 

Figure  4-21 


200  FT. 


> 


2e«l5  FT. 
PLATFORM  2 


ro 

^  < 
A. 


28*  15  ft. 
PLATFORM  \ 


instrument 

ROOM 


r 


UNIVERSAL  WEIGHT  AND  THRUST  FACILITY 
PLATFORM  LAYOUT 


Figure  4-22 


WADD  TR  61-67 
VOL  I  REV  1 


420 


Figure  4-23 


Figure  4-24 
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hydi-aulic  cylinder  to  the  foundation  of  the  launching  pad,  pulling  down 
upon  the  launching  fra.me  which  holds  the  missile,  and  thereby  pulling 
down  on  the  working  cells  to  provide  a  calibration.  The  calibration  cells 
furnished  with  the  hydraulic  ram  are  supplied  with  a  separate  indicator 
and  are  calibrated  by  the  National  Bureau  of  Standards.  A  field  standard 
calibration  system  is  provided  which  reads  out  the  load  applied  on  four 
cells,  which  in  turn  is  the  load  being  pulled  down  upon  the  launcher  frame 
and  working  cells.  This  way  the  calibration  cells  with  the  Bureau  of 
Standards  record  can  be  compared  directly  against  the  working  Weight 
Instrument  System,  and  a  direct  pound-for- pound  calibration  made. 

It  should  be  noted  that  this  calibration  can  be  made  with  the  missile 
and  all  of  its  attachments  in  place  to  best  simultate  actual  conditions. 

4-16  Testing  Gyros-  At  Norden  (Ref .31 2) 

Varied  test  procedures  are  in  practice  at  different  gyro 
manufacturing  facilities,  so  it  is  necessary  to  explain  precisely  how 
test  results  are  obtained  before  one  can  attach  much  meaning  to  such 
results.  The  philosophy  at  Norden  is  to  test  the  gyros  in  a  manner  which 
most  closely  approximates  an  actual  operational  environment.  They 
have  developed  a  Simultated  Platform  Test. 


This  test  resciiibles  the  fici^uently  user  servo  test,  with 
one  very  distinct  difference.  V/hen  a  gyro  is  used  in  any  earth-oriented 
mode,  the  local  component  of  earth  rate  will  usually  be  bucked  out  by 
applying  a  suitable  D.C.  current  to  the  gyro  torqusr.  But  in  the  normal 
servo  test  the  torquer  is  not  used.  The  servo  has  been  modified  to 
include  the  gyro  torquer,  by  bucking  out  about  95%  of  the  local  component 
of  earth  rate  with  the  gryo  torquer. 


In  addition  to  getting  the  torquer  into  the  test  loop,  which 
gets  any  torquer  errors  into  the  gyro  pei-formance  characteristics,  there 
is  another  gain.  Since  the  table  now  sees  only  about  5%  of  earth  rate,  by 
amplifying  the  signal  which  tells  the  table  motion,  also  amplifys  the 
error  components,  and  one  can  now  more  accurately  measure  these  un¬ 
wanted  outputs  from  the  gyro. 


This  test  is  performed  by  tlie  tabic  to  drift  through  a  small 
known  angle  and  recording  table  position  as  a  function  of  time.  The  table 


312  Technical  Bulletin,  Norden,  Division  of  United  Aircraft  Corp. 

Milford,  Connecticut. 
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is  torqued  back  to  its  starting  position  by  applying  a  signal  to  the  gyro 
torque r,  and  the  run  is  repeated  This  is  done  for  a  total  of  ten  times 
in  the  orientation  chosen  (Fig. 4-26).  The  standard  deviation  of  the  ten  runs 
is  short  term  random  drift.  The  average  drift  is  inserted  into  an  equation 
along  with  terms  for  earth  rate,  mass  unbalances,  fixed  torque,  torqucr 
current  and  torquer  scale  factor,  etc.  The  gyro  orientation  is  then 
changed  to  that  of  Fig.  4-27  and  the  entire  procedure  is  repeated.  Next 
reorientation  is  to  the  position  of  Fig.  4-28  and  repeat  again.  There 
arc  now  three  simultaneous  equations  and  one  can  readily  solve  for  mass 
unbalance  along  the  spin  axis,  mass  unbalance  along  the  input  axis,  and 
fixed  bias . 

If  the  values  of  mass  unbalance  fall  outside  of  the  speci¬ 
fications,  it  is  a  simple  matter  to  go  back  and  rebalance  the  gyro  with¬ 
out  draining  the  fluid  or  disturbing  the  seals  in  any  way. 

P.esults  of  this  test  for  a  typical  gyro  are: 

Random  drift  (output  axis  horizontal)  0.0l®/hr.  (ons  sigma) 

Random  drift  (output  axis  vertical)  0,005  ®/hr.  (one  sigma) 

Mass  unbalance  along  spin  reference  axis  0.10  "/hr. /g  (max.) 

Mass  unbalance  along  input  axis  0.10  “/hr. /g  (max.) 

Fixed  bias  0,lU''/hr.  (max.) 

After  these  thirty  runs  are  completed  (ten  runs  in  each 
of  three  orientations),  the  gyro  is  cooled  to  room  temperature.  Upon 
reheating,  the  entire  procedure  is  repeated.  This  cool  down  and  reheat 
cycle  is  done  five  times,  and  the  difference  in  output  from  cycle  to  cycle 
with  no  trimming,  is  day-to-day  stability.  Typical  values  for  this  are: 

Day-to-day  stability  Std,  deviation 

(No  trimming) 

Liput  axi  s  ve  r ti  c  al  .  1  “  /  h  r . 

Input  axis  horizontal  .05  “/hr. 

A  second  lest  which  Norden  performs  is  one  designed  fo 
determine  the  long  term  stability  of  the  gyro.  This  is  accomplished  by 
testing  the  gyro,  without  trimming,  for  fifteen  continuous  hours  in  the 
following  fashion. 
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The  test  table  is  oriented  to  have  its  axis  of  rotation  parallel 
to  the  axis  of  rotation  of  the  earth.  The  gyro  is  mounted  on  the  table  with 
its  input  axis  normal  to  the  table  axis,  hence-  normal  to  the  earth's  axis. 

In  this  orientation  the  table  is  rotated  at  eight  times  earth  rate  for  fifteen 
continuous  hours,  thereby  making  five  complete  revolutions.  The  gyro 
is  not  trin.med  at  all  during  this  test,  and  the  feedback  current  to  tlie  gyro 
torque r  is  recorded. 

The  random  component  of  gyro  output  is  determined  by  com¬ 
paring  the  output  from  revolution  to  revolution  every  10°  of  table  rotation. 
Thus,  36  sets  of  five  points  each  are  obtained.  The  standard  deviation  of 
each  set  is  computed.  These  deviations  for  a  particular  gyro  are  distributed 
as  follows: 

Std.  Deviation  Number  of  Occurrences 

“/hr 

.003  1 

.01  6 

.02  18 

.03  8 

.04  2 

.06  1 


Thus,  for  this  gyro,  tv/enty-five  of  the  thrity-six  sets  have 
a  standard  deviation  of  .02  "/hr.  or  less,  and  thirty-three  of  the  thirty-six 
sets  have  a  standard  deviation  of  ,03°/hr.  or  less. 


The  same  test  was  performed  on  another  gyro,  with  the 
exception  that  data  was  taken  every  fifteen  degrees  of  table  rotation,  resulting 
in  twenty-four  sets  of  five  points  each.  The  standard  deviations  of  the 
twenty-four  sets  of  points  for  this  gyro  were  distributed  as  follows: 


Std.  Deviation 
.006 
.012 
.018 
.024 


Number  of  Occu-vrences 

5 

Q 

6 

4 
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4-17 


Automatic  Testing  and  Calibration 


The  rapid  advances  in  all  phases  ol  instrumentation  in¬ 
volved  in  missile  and  space  probe  programs  has  led  to  the  extreme 
necessity  of  employing  automatic  checking  and  calibration  of  systems. 
This  requirement  can  fully  be  understood  in  considering  the  multitude  of 
checks  performed  during  "count-down  '  intervals  preceding  the  launch¬ 
ing  of  a  space  vehicle  or  test  firing.  Each  test  or  check  has  a  related 
position  to  every  other  one  and  must  be  performed  over  and  over  to  keep 
a  running  status  of  operational  readiness. 

It  is  the  intentioii  licre  to  point  out  the  extra  planning 
and  design  that  must  be  considered  to  fulfill  an  instrumentation  systein's 
requirement  of  not  just  measuring  the  performance  of  a  flight  but  also 
provi.ding  continual  pre-flight  status  checks  and  simulated  calibration 
signals . 


Individual  transducers  are  now  being  developed  such 
that  a  calibration  command  signal  well  cause  the  device  to  deliver  a 
calibrated  signal  level.  Mi.cro-miuiaturiaation,  permits  incorporating 
solid  state  logic  switching  to  shunt  or  replace  a  measurement  leg  of  a 
bridge  circuit  with  a  precision  calibrated  element.  Electric  charges, 
precise  voltages,  known  magnetic  fields  and  precise  frequency  generators 
or  filters  can  be  enrployed  with  the  sensing  element  to  provide  known 
simultated  excitation  for  test  and  calibration. 

The  difficulties  facing  the  instrunjentation  system  engineer 
are  the  requireinents  that  each  portion  pf  tlio  system  must  be  available 
for  stage-by-stage  operational  tests  while  delivery  signals  to  associated 
telemetry  system  sub-systems,  control  systems  and  indicating  devices 
■v/itUout  degrading  these  functions.  There  are  so  many  complex  measure¬ 
ments  to  be  checked  and  in  proper  time  relation  it  only  becomes  feasible 
through  use  of  fast  sampling  of  test  points,  with  computer  type,  real 
time  e  valuation  of  the  data.  Some  such  arrangement  to  fit  the  complexity 
of  the  test  is  what  is  meant  here  as  automatic  test  and  calibration. 

A  highly  complex  launch  vehicle  such  a.s  the  proposed 
Saturn  configurations  has  just  a  complex  a  test  program  for  ground  static 
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tests.  (Ref. 31  3  )  See  Fig.4~Z9  for  block  aiagram  of  instrumentation  for 
static-test  tower.  A  state-of-the-art  discussion  on  test  engineering 
(Ref. 314  )  in  the  Space/ Aeronautics  R  &  D  Technical  Handbook  1961/  62 
covers  the  associated  instrtimentation  problems,  approaches  toward 
solution  and  reported  advancements  in  todays  research,  envi  -onmental 
and  operational  testing  of  space  vehicles. 

4.18  Instrument  Society  of  America,  Aero-Space  Standards 

Division  Tests,  Calibration  and  Specifications  Guides 

"Recommended  Practice"  reports  by  various  sub¬ 
committees  of  the  ISA  are  available  which  cover  terminology,  common¬ 
ly  accepted  test  procedures,  methods  of  uniform  dava  presentation  to 
render  tests  easier  to  perform  and  more  useful  and  general  guides  to 
standardization  to  proiuote  better  communications  between  transducer 
users  and  manufacturers.  The  following  is  a  list  of  "Recommended 
Practices"  reports: 

Kr37.1  Nomenclature  and  Specification  Terminology  for  Aero- 

Space  Test  Transducers  with  Electrical  Output 

RP37.2  Specifications  and  Tests  for  Piezoelectric  Acceleration 

Transducers  for  Aero-Space  Testing 

RP37.3  Specifications  and  Tests  for  Strain  Gage  Pressure  Trans¬ 

ducers  for  Aero-Space  Testing 

RP37.4  Specifications  and  Tests  for  Resistive  Temperature 

Sensors  for  Aero-Space  Testing 

RP37.5  Specifications  and  Tests  for  Strain  Gage  Acceleration 

Transducers  for  Aero-Space  Testing 

RP37.6  Nomenclature,  Specifica^^ion  Terminology,  and  Qualifi¬ 

cation,  Acceptance  Tests,  and  Galibration  Requirements 
for  Potentioinetric  Pressure  Transducers. 

313  Heimburg,  K,  L,,  "Saturn  Developmental  Testing",  Astronautics , 
February  1962. 

314  "Test  Engineering  --  State-of-the- Art",  Spacc/Ac ronautics  R  gc  D 
Technical  Handbook,  1961-1962, 
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SECTION  V 


TESTING  AND  CALIBRATION  FACILITIES 

5-1  INTRODUCTION 

This  section  contains  a  partial  listing  of  facilities  and  services 
which  are  available  to  many  users  of  telemetry  transducers  for  testing 
and  calibration.  Da.ta  used  in  the  preparation  of  this  section  was  soli¬ 
cited  from  testing  laboratories,  government  agencies  and  transducer 
users. 


5-2  MEASUREMENT  SERVICES  OF  THE  NATIONAL  BUREAU  OF 

STANDARDS,  WASHINGTON,  D.  C. 

The  major  responsibility  of  the  National  Bureau  of  Standards 
has  three  main  components: 

(1)  Provision  of  the  central  basis  within  the  United 
States  of  a  complete  and  consistent  system  of 
physical  measurements,  and  co-ordination  of  that 
system  with  the  measurement  systems  of  other 
nations. 

(2)  Provision  of  essential  services  leading  to  accurate 
and  uniform  physical  measurement  throughoiit  the 
nation's  science,  industry,  and  commerce,  and 
consonant  with  their  advancing  requirements. 

(3}  Provision  of  data  on  the  properties  ol  matter  and 
materials  which  are  of  importance  to  science,  in- 
dustrv,  and  commerce;  and  which  are  not  available 
of  sufficient  accuracy  elsewhere. 

The  following  table.-;,  are  selected  from  Summary  of  Measure¬ 
ment  Services  of  the  National  Bureau  of  Standards,  prepared  by  NBS 
and  scheduled  for  publication  early  in  1961.  The  tables  have  been  issued 
for  general  information  purposes  only.  With  few  exceptions,  only  those 
servaces  are  listed  that  are  performed  witli  sufficient  frequency  to  war¬ 
rant  the  establishment  of  regular  feec.  In  many  cases,  arrangements  can 
be  made  to  perform  calibration  of  other  tyjies  or  over  different  ranges  or 


WADD  TR  61-67 
VOL  I  REV  1 


430 


of  higher  accuracies  than  those  indicated  herein.  For  convenience,  a 
listing  of  NBS  tables  follows: 

VIBRATION  TRANSDUCERS 


Static  Methods  (Zero  Frequency) 

Steady  State  Sinusoidal  Method 
Special  Tests 

Small  Lightweight  Piezoelectric  Vibration  Transducers 
TEMPERATURE 


Fixed  Points  of  the  International  Temperature  Scale 
Platinum  Resistance  Thermometers 

Thermocouples,  Thermocouple  Materials,  Pyrometer 
Indicators 

Optical  Pyrometers,  Ribbon  Filament  Lamps 
Liquid-In-Glass  Thermometers 

PRESSURE  AND  VACUUM 


Calibration  Services 

Chart  of  NBS  Calibration  Accuracies;  Ranges  of  Trans¬ 
mitting  Media;  Ranges  of  Some  Working  Instruments 

FORCE  MEASUREMENTS:  PROVING  RINGS  AND  OTHER  ELASTIC 
LOAD  MEASURING  DEVICES 

HARDNESS 

ACOUSTIC  MEASUREMENTS 

VOLUMETRY,  DENSIMETRY 

Metal  Capacity  Standards 
Volumetric  Glassware 
Density 

Hydrometers  and  Thermohydromcters 
Fluid  Meters 

Gas  Volume  Measuring  Instruments 
Wxnd  Speed  Indicators 
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RADIATION  INSTRUMENTS  AND  SOURCES 


X-Ray  and  Gamma-Ray  Instruments 
X-Ray  Protective  Materials 
X-Ray  Inspections 

Gamma-Ray  Measurements  of  Radioactive  Preparations 

Neutron  Measurements 

Radioactivity 

RADIOMETRY 

PHOTOMETRY  AND  COLORIMETRY 


Standard  Incandescent  Lamps  Furnished  by  NBS 
(Approximately  120  volts) 

Standardization  of  Lamps  Submitted 

Photometric  Instruments  and  Accessories 

Rating  of  Incandescent  Lamps 

Retie  ctometry 

Glossimetry 

Liovibond  Glasses 

Other  Photometric  and  Related  Standards  Supplied 
by  NBS 

Spectrophotometric  Standards 
Spectrophotometric  Measurements 
Colorimetry  Services 

The  listed  tables  are  reproduced  below.  In  addition,  NBS  also 
offers  measurement  services  in  the  areas  of  Mass,  Length,  Time  and 
Frequency,  Electricity,  Magnetism,  Optical  Refraction  and  Instruments, 
Photography,  Thermal  Conductivity,  Humidity,  Internal  Combustion 
Engine  Fuels,  Heat  Content  of  Methane  Gas,  Electroplated  Coating  Thick¬ 
ness,  and  Radioactive  Labeled  Carbohydrates. 

Caution;  Do  not  submit  equipment  for  calibration  before  making 
preliminary  arrangements  with  the  NBS  laboratory  concerned.  Further  in¬ 
formation  on  the  conditions  under  which  services  are  available,  methods 
of  shipment,  fees,  etc.  can  be  obtained  from  the  NBS  Test  Fee  Schedules, 
available  on  reqxiest  from  the  Office  of  Technical  Information,  National 
Bureau  of  Standards,  Washington  25,  D.  C.  Inquiries  relating  to  electrical 
and  magnetic  measurements  at  radio  and  microwave  frequencies  and  to 
standard  time  and  frequency  broadcasts  should  be  sent  to  Radio  Standards 
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Division,  National  Bureau  of  Standards  Boulder  Laboratories, 

Boulder,  Colorado.  All  other  inquiries  should  be  addressed  to 
National  Bureau  of  Standards,  Washington  25,  D.  C. 

The  National  Bureau  of  Standards  also  distributes  standard 
materials  by  means  of  which,  in  certain  measurement  areas,  owners 
of  measuring  equipment  can  perform  their  own  calibrations.  Among 
the  materials  of  this  kind  are  alloys  and  ceramics  of  certified  compo¬ 
sition  to  serve  as  chemical  and  spectrographic  standards;  materials 
of  certified  purity  for  standards  of  pH  and  freezing  point;  materials  of 
certified  properties  for  standards  of  viscosity,  humidity,  and  radio¬ 
activity;  and  a  number  of  industrial  standards  --  rubbers  and  rubber- 
compounding  materials,  phosphors,  color  standards,  turbidimetric 
and  fineness  standards,  and  others.  Information  on  the  technical  speci¬ 
fications  and  purchase  procedures  for  these  materials  is  given  in  NBS 
Circular  552,  Standard  Materials  Issued  by  the  National  Bureau  of 
Standards ,  available  from  Superintendent  of  Documents,  U.  S.  Govern¬ 
ment  Printing  Office,  Washington  25,  D.  C.  ,  price  35  cents. 


s’ 


.  .  X  "I 
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Definition  o£  Ratio  of  transducer  output  (voltage,  record  height,  amplitude  indicated  by  vibration  rneter,  etc 

calibration  factor  to  the  applied  input  (displacement,  velocity,  or  acceleration  amplitude). 
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VIBRATION  TRANSDUCERS 
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Table  5-9.  Calibration  Services 
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ITEM  SERVICE  FREQUENCIES  c/s  UNC  ERT  AINTY  OF  M 


srall  ancertainiy  ii  frcque' 
•ement^  is  no  ^'red'er  lhar. 
in  1,  UOO. 


ruorsion  bottles 


I  j;ill  i>r  greater,  but 
loss  than  S  gal  nr  1/^-  bu 


5  gal  or  1  / bn 


1  to  .abt)ut  500  gal 


1  part  i 

ill  15,000 

1  part  i 

ill  10.  000 

1  part 

ill  ^5,  000 

1  p.irl 

in  2,  500 

1  [)arl 

1  part 

1  |)art 

ill  3,  500  (loss  th.an  5  gal  ) 

in  1  5.  000  (S  gal) 

in  5,000  (more  than  S  gal) 

INSTRUMENT 

CALIBRATED 

SI^E 

ACCURACY  OF  CALIBRATIONS 

fludks  (including  spirits 
measuring  flasks) 

to  contain 

10  ml  to 

1 . 000  ml 

1  part  in  2,  000  (for  1(1  ml)  to 

1  part  in  50,  1)00  (for  1 ,  000  ml) 

specific  gravity  flasks 

to  contain 

<>4  ml 

1  ]->a  rt  in  5,  OOU 

cylindrical  graduates 

to  deliver 

10  ml  (o 

1,  OOO  ml 

1  part  in  1.  000  (for  10  nil)  to 

1  ]>art  in  1  0.  000  (for  1 , 000  ml) 

transfer  pipettes 

to  deliver 

1  ml  to 

100  n.l 

1  part  in  1 , 000  (for  1  ml)  to 

1  part  in  20.  000  (for  lOO  ml) 

TC  pipettes 

to  contain 

Same 

izes  as  p’*eccding  item;  same  or 
better  accuracy 

burettes  (including  automatic 
burettes) 

to  deliver 

S  ml  to 

50  ml 

1  part  in  1,  000  (for  5  ir.l)  to 

1  part  in  5,  QOO  (for  50  ml) 

ir.icroazctomctcrc 

to  contain 

1.  5  ml 

1  pa  rt  ill  1 ,  5(10 

measuring  pipettes 

to  deliver 

1  i-.il  to 

25  ml 

1  j^art  in  1,  ()()(>  (for  1  ml)  to 

1  pr.iL  in  5,  000  (fr>r  25  ml) 

dilution  pipettes 

to  contain 

about  1  ml 

0 .  5%  (  r.it  io ) 

Ktnij 

wlnl 


apparati^s  •jsed-  In  j;eneial,  routine  deii 
rt  !!■-  10.  non. 
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Measurements 


PHOTOMETRY  AND  COEORIMETRY 


for  OIE  tristimulus  values,  X-  Y,  Z;  3  by  5  in.  pJ^oucf  in  colors  cornmonJy  c&licd 


PHOTOMETRY  AND  COLORIMETRY 


ENVIRONMENTAL  BRANCH,  k  3  FEV 

AERONAUTICAL  SYSTEMS  DIVISION 
AIR  FORCE  SYSTEMS  COMMAND 
WRIGHT -PATTERSON  AIR  FORCE  BASE, 
OHIO 


a.  DynamicB  Section,  ASFEVD 
(1)  Vibration 

The  facility  fox  dynamic  evaluation  contains  approxi- 
jnately  20  vibration  macldnes  to  cover  a  broad  range  of  conditions.  Thi 
includes  the  following  unique  equipment  for  vibration  testing  and  evalua¬ 
tion; 


(a)  Low  Frequency  -•  H 

Freq..  Range: 

D  i  splac  erne  at: 

Load  Capacity: 

(b)  Medium  Frequency 

Freq.  Range: 

Force  Output: 

Load  Capacity: 

(c)  High  Frequency 
Freq.  Range: 

Load  Capacity: 

(2)  Acceleration 


Lgh  Amplitude  Machine 

0.  5  to  30  cps 
9  inches 
1000  pounds 

Electromagnetic  Shaker 

5  to  500  cps 
12,  500  pounds 
500  pounds  (2000  pounds 
by  use  of  special  suspen¬ 
sion  system) 

Electromagnetic  Shaker 

5  to  2000  cps  with  capa- 
till  ty  £ot  sirTi\il8.tiQg  rsri* 
dom  or  complex  wave 
vibration 
200  pounds 


A  centrifuge  with  the  following  characteristics  is 
available  for  testing  and  evaluation  of  transducers  and  other  equipment: 
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Acceleratioa: 


30  g  with  full  load;  50  g 
for  short  runs  and  limited 
loads 

Load  Capacity:  16,  000  pounds 

Arm  Radius:  Approximately  6  feet 

This  unit  is  especially  suited  for  combining  other 
environments  with  acceleration. 

(3)  Combined  Environments 

(a)  Large  Centrifuge. 

A  system  is  available  for  performing  tests  and 
evaluations  of  equipment  operating  under  any  environmental  combination 
consisting  of  steady  state  accelei  don,  vibration,  and  ambient  temperature 
In  addition,  the  system  has  the  capability  of  simulating  altitude  concur¬ 
rently  with  any  combination  of  the  above,  with  the  exception  of  low  tem¬ 
perature  environments. 

The  following  ranges  of  environments  may  be 
applied  to  the  equipment  under  investigation: 

Steady  State  Accel¬ 
eratioa  (S.  S,  A):  0  -  50  g 

Vibration:  5  to  2000  cps,  sinusoi¬ 

dal  or  random;  ±  20  g  with 
20-pound  load;  600  pounds 
force;  may  be  applied  in  a 
direction  which  is  parallel 
to  the  S,  S.  A.  or  perpendi¬ 
cular  to  the  S.  S.  A. 

Ambient  Temp:  250*F  to  500*F 

Altitude:  800  to  lOO,  000  feet  loot  in 

combination  with  low  tem¬ 
perature) 

(b)  Chamber 

A  6'  X  7'  X  6*  chamber  with  the  following  capa¬ 
bilities  is  available  for  testing  and  evaluation  of  equipment  under  combined 
environments: 
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Altitude: 

T  emperature: 

Dew  Point; 

Air  Press.  Flow, 
Steady  State: 

Air  Press.  Flow, 
Blow  Down: 


0  to  75,  000  feet 

-70*  to  +  500*F 

-70*  to  +  700*F  (Ram  Air) 

-70*  to  +  700*F 

38.  2  psia  -225  Ib/miti 

700  Ib/mia  (20  sec) 


(4)  Shock 

Several  machines  are  available  for  producing  a  large 
variety  of  shock  pulses.  Load  capacities  for  these  machines  range  from 
50  to  400  pounds. 

(5)  Acoustic  Energy 

The  Dynamics  Section  (  WWFEVD)  is  responsible  for 
a  large  acoustic  test  facility  which  is  located  at  the  plant  of  Bolt,  Beranek 
and  Newman,  Incorporated,  Cambridge,  Massachusetts.  This  facility  con¬ 
sists  of  a  very  large  exponential  horn  with  a  driver  mechanism.  It  is 
located  in  an  enclosure  whose  concrete  walls  are  tectum  insulated.  The 
enclosure  is  54  feet  in  length  and  27  feet  in  width.  The  driver  mechanism 
is  capable  of  producing  22,  000  watts  of  pure  tone  or  narrow-band  noise 
energy  to  provide  an  intensity  of  174  db  above  10“^^  watts/csntimctc*'^  at 
the  equipment  being  tested. 

b.  Space  and  Atmospheric  Deterioration  Section,  WWFEVS 

The  following  facilities  are  available  for  simulation  of  wea¬ 
pons  systems  environmental  profile  requirements.  In  many  instances, 
they  can  be  modified  to  meet  special  requirements, 

(1)  Combined  Environmental  Facility 

Size:  3  ft,  wide  x  3  ft.  long  x  4  ft. 

high 

Temp.  Range:  -l00°f  to  +200*1' 

Altitude:  55,  000  ft. 

This  facility  permits  combination  of  temperature  - 
altitude  -  time  patterns  which  can  simulate  the  flight  profile  of  altitude  or 
space  conditions  within  the  vehicle. 
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(2)  Space  (High  Altitude)  Chamber*  Building  46A 


Size:  4  ft.  dia.  x  5  ft.  long 

Altitude:  450*000  ft. 

This  facility  can  be  utilized  for  simulation  of  apace 
conditions  for  evaluation  of  equipment  components  and  subsystems.  It 
includes  instrumentation  for  accurate  recording  of  altitude  and  capability 
of  maintaining  conditions  once  achieved. 

(3)  Low-High  Temperature  (Ground  Support) 

Facility*  Building  25 A 


Size:  25  ft.  wide  x  75  ft.  long  x  25  ft. 

high;  facility  can  be  separated 
into  two  rooms  having  35  and 
40  ft.  lengths 

Temp.  Range:  ~80*F  to  +lb0*F  (in  either  or 

both  rooms) 

This  facility  can  be  utilized  for  evaluation  of  complete 
systems  under  temperature  extremes  including  large  items  and  systems  of 
ground  support  equipment. 

(4)  Systems  Altitude  -  Temperature  Facility,  Building  22 

Size:  18  ft.  dia.  x  17  ft.  high  - 

height  can  be  increased  by 
adding  6  ft.  rings 

Temp.  Range:  -90*F  to  +175*F 

Altitude:  Ground  level  to  165,000  ft. 

This  facility  is  supplemented  by  a  15-tone  overhead 
monorail  hoist.  Large  items  of  equipment  may  be  evaluated  under  altitude 
and  temperature  conditions.  In  its  present  condition,  this  facility  can 
accommodate  certain  space  vehicle  payloads  and,  with  moderate  modifi¬ 
cation,  be  capable  of  accommodating  larger  space  systems. 

(5)  Fxplosion  -  Proof  Facilities,  Buildings  45A  and  47A 

Size:  Large  facility  -  7  ft.  dia.  x 

8  ft.  long 

Medium  facility  -  3  ft.  dia.  x 
5  ft.  long 
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Temp.  Range: 
Altitude: 


Room  temp,  to  350*F 
Ground  level  to  100,  000  ft. 


Various  combinations  of  fuel/gas  mixtures  (pro¬ 
pulsions  system  products)  may  be  simulated  in  these  facilities  to  determine 
ignition  characteristics  of  explosive  or  flame  producing  mixtures  and 
ignition  capability  of  electrical  arc  and  high  temperature  equipment  com¬ 
ponents, 

(6)  Solar  Radiation  Facility,  Building  45 

This  facility  simulates  the  sun's  solar  radiation  at 
the  earth's  equator.  Special  lamps  and  filters  are  used  to  simulate  the 
sun's  spectrum. 

Available  information  indicates  feasibility  of  simulation 
lights  of  solar  radiation  in  space  with  only  a  moderate  modification  of  existing 
facilities  and  additional  equipment- 

(7)  Atmospheric  En%T.ronment  Facilities 

Humidity:  50%  to  100%  RH  at  tem¬ 

peratures  up  to  200*F 
Salt  Fog:  5%  to  20%  salt  solution 

Sand  and  Dust:  0.  1  to  0.5  grams /cu,  ft. 

Fungus:  5  types  of  cultures 

Rain:  1  to  6  inches  per  hour 

Arid:  Relative  humidity  of  5%  at 

temperatures  up  to  600*F 

(8)  Ram  Air  Temperature  -  Altitude  Facility 

Ambient  Air  Temp:  -80*F  to  +100*F 

Cooling  Ram  Air  Temp:  -S0*F  to  hlOO^F 

Ram  Air  Static  Press. 

Range:  5  to  35  inches  of  water 

Altitude:  80,  000  ft. 

This  facility  is  capable  of  testing  generators,  alter¬ 
nators  and  other  rotating  or  nonrotating  equipment  when  simulated  cooling 
air  is  required  through  the  equipment. 
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SINGLE  INTEGRATED  U.S.  AIR  FORCE  CALIBRATION  SYSTEM 
2802D  INERTIAL  GUIDANCE  AND  CALIBRATION  GROUP  (MAAMA) 
HEATH  ANNEX 
NEWARK.  OHIO 

The  U.S.  Air  Force  has  a  single  integrated  calibration  system  to 
support  all  Air  Force  activities.  Operation  of  this  system  is  depicted  in 
Figure  5-2.  Standards  are  maintained  at  Air  Materiel  Areas  (AMA), 

Air  Force  Depots  (AFD)  and  designated  Air  Force  Bases  (AFB).  The 
2802D  IG  &  C  Gp  (MAAMA),  as  the  central  calibration  agency  for  the 
Air  Force,  calibrates  or  assures  calibration  of  and  certifies  AMA  and 
AFD  Standards.  The  Air  Materiel  Areas,  in  turn,  calibrate  and  certify 
/lir  Force  Base  Standards.  Ln  addition  to  calibrating  Air  B'orce  Base 
Standards,  the  Air  Materiel  Areas  calibrate  and  certify  precision  measure¬ 
ment  equipment  utilized  in  their  own  laboratories  .  Air  Force  Bases, 
which  have  standards,  calibrate  precision  measuring  equipment  for  assigned 
and  tenant  units  . 

AMA  and  AFD  Electrical  and  Electronics  Standards  are  calibrated 
by  the  National  Bureau  of  Standards  at  Boulder,  Colorado.  A  detachment 
of  Air  Force  personnel  equipped  with  AMA  and  AFD  Electrical  and 
Electronic  Standards  is  stationed  at  the  Boulder  Laboratories  of  the  Nation¬ 
al  Bureau  of  Standards,  The  standards  with  which  the  detachment  is  equipp¬ 
ed  are  calibrated  by  the  National  Bureau  of  Standards  and  hand  carried  by 
detachment  personnel  to  AMA's  and  AFD's  once  a  year  where  they  are  ex¬ 
changed  for  AMA  and  AFD  standards  which  are  due  for  recertification. 
During  ^'isits  to  the  AMA's  and  AFD's,  detachment  personnel  provide  tech¬ 
nical  assistance  on  calibration  of  working  standards. 

AMA  and  AFD  Electro- Mechanical  Standards  are  calibrated  by  the 
USAF  Calibration  Division.  The  Electro- Mechanical  transfer  standards 
are  hand  carried  to  the  AMA's  and  AFD's  by  Di\dsion  personnel  once  a 
year  where  they  are  used  to  calibrate  and  certify  AMA  and  AFD  standards. 
The  transfer  standards  are  hand  carried  back  to  USAF  Laboratories  where 
they  are  checked  to  assure  that  they  have  not  changed  in  accuracy  while 
in  transit. 

AMA  and  AFD  Dimensional  Standards  are  calibrated  by  the  USAF 
Calibration  Division,  The  Dimensional  Stai,dards  are  hand  carried  to  the 
AMA's  and  AFD's  once  a  year  where  they  are  exchanged  for  AMA  and  AFD 
Dimensional  Standards  wliich  are  due  for  recertification. 
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Air  Force  base  standards  are  calibrated  and  certified  by  the  Air 
Materiel  Areas.  The  AMA's  maintain  exchange  sets  of  base  standards 
wliich  are  calibrated  in  the  AMA  l^aboratories  and  certified  using  tlie 
AMA  standards.  The  AMA's  establish  schedules  and  hand  carry  exchang 
standards  to  the  base  PMEL.  Wliile  at  the  base  PMEL,  AMA  personnel 
calibrate  and  certify  base  standards,  which  by  size,  etc.  cannot  be 
exchanged,  and  provide  technical  assistance  to  base  PMEL  personnel 
in  repair,  calibration  and  certification  of  precision  measurement  equip¬ 
ment. 

Activities  authorized  to  possess  AMA  or  AFD  electrical,  micro- 
wave,  electro-mechanical  and  dimensional  standards  are  listed  in  Table 
5-38.  Activities  authorized  Base  electrical,  microwave,  electro-mech¬ 
anical  and  dimensional  standards  are  listed  in  Table  5-39. 


Table  5-38.  Activities  Authorized  to  Possess 


AMA  or  AFD  Standards 

Zone  of  Interior 

Zone  of  Interior  &  Overseas 

MAAMA,  Olmsted  AFB,  Pa 

Eglin  AFB,  Fla 

MOAMA,  Brookley  AFB,  Ala 

Vandenberg  AFB,  Cal 

OCAMA,  Tinker  AFB,  Okla 

Det  #18,  SMAMA  (Pacific 

OOAMA,  Hill  AFD,  Utah 

Mobile  Depot)  Tachikawa 

SAAMA,  Kelly  AFB,  Tex 

AB,  Japan 

SBAMA,  Norton  AFB,  Cal 

USAFE  (Contr.  Opr.  Depot 

SMAMA,  McClellan  AFB,  Cal 

in  France) 

WRAMA,  Robins  AFB,  Ga 

Pinetree  East  (Canada) 

Patrick  AFB,  Fla 

Pinetree  West  (Canada) 
Elmendorf  AFB,  Alaska 
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Table  5-39.  Activities  Authorized  to  Possess  Base  Standards 


BASES 


BASES 


Albrook  AFB,  Canal  Zone 
Altus  AFB,  Okla 
Amariilo  AFB,  Tex 
Anderson  AFB,  Guam 
Andrews  AFB.  Md 
Arnold  Engineering  Development 
Center,  Tullahoma,  Tenn 
Aviano  AB,  Italy 

Barksdate  AFB,  La 
Beale  AFB,  Calif 
Bergstrom  AFB,  Tex 
Biggs  AFB,  Tex 
Bitburg  AB,  Germany 
Blythe ville  AFB,  Ark 
Brize  Norton  AFB,  England 
Eunice r  Hill  AFB,  Ind 

Camp  New  Amsterdam,  Netherlands 

Cannon  AFB,  N.  Mex 

Carswell  AFB,  Tex 

Castle  AFB,  Calif 

Chanute  AFB,  Ill. 

Charleston  AFB,  S,  C. 

Chaumont  AFB,  France 
Chennault  AFB,  La 
Clark  AFB,  P.  I. 

Clinton-Sherman  AFB,  Okla 
Columbus  AFB,  Miss 
Craig  AFB,  Ala 

Davis- Monthan  AFB,  Ariz 
Donaldson  AFB,  S.  C. 

Dover  AFB,  Del 
Dow  AFB,  Maine 


Duluth  Municipal  Airport,  Minn 
Dyess  AFB,  Tex 

Edwards  AFB,  Calif 
Eglin  AFB,  Fla 
Ellsworth  AFB,  S.  D. 

England  AFB,  La 
Ent  AFB,  Colo 

Ernest  Harmon  AFB,  Newfoundland 
Evreus/Fauville  AB,  France 

Fairchild  AFB,  Wash 
Forbes  AFB,  Kansas 
Francis  E.  Warren  AFB,  Wyo 

George  AFB,  Calif 

Glasgow  AFB,  Mont 

Goose  AFE,  Goose  Bay,  Labrador 

Grand  Forks  AFB,  N.  D, 

I 

I 

Hahn  AB,  Germany  | 

Hamilton  AFB,  Calif  i 

Hanscom  Field,  Bedford,  Mass  j 

Hickam  AFB,  Hawaii 
Holloman  AFB,  N.  Mex  , 

Homestead  AFB,  Fla  I 

Hunter  AFB,  Ga  j 

Incirlik  AB,  Turkey 
Itazuke  AB,  Japan 

James  Connally  AFB,  Tex 

K,  I.  Sawyer  Airport,  Mich 
Kadena  AB,  Okinawa 
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Table  5-39.  Activities  Authorized  to  Posses  Base  Standards 

(continuation) 


BASES 


BASES 


Keesler  AFE,  Gulfport,  Miss 
Kindley  AFB,  Berinuda 
Kingsley  AFB,  Oregon 
Kinchloe  AFB,  Mich 
Kirtland  AFB,  N.  Mex 
Kuramursel  AFB,  Turkey 

Lajes  Field,  Azores 
Lakenheath  AFB,  England 
Langley  AFB,  Va 
Laon  AB,  F'rance 
Laredo  AFB,  Tex 
Larson  AFB,  Wash 
Laughlin  AFB,  Tex 
Lincoln  AFB,  Neb 
Little  Rock  AFB,  Ark 
Lockbourne  AFB,  Ohio 
Loring  AFB,  Maine 
Lowry  AFB,  Colo 
Luke  AFB,  Ariz 

MacDill  AFB,  Fla 
Malmstrom  AFB,  Mont 
March  AFB,  Calif 
Mather  AFB,  Calif 
Me  Chord  AFB,  Wash 
McConnel  AFB,  Kansas 
McCoy  AFB,  Fla 
McGuire  AFB,  N.  J. 

Minot  AF  Station,  N.  D, 
Misaw'a  AB,  Japan 
Moody  AFB,  Ga 
Moutain  Home  AFB,  Idaho 
Myrtle  Beach  AFB,  S.  C, 


Naha  AB,  Okinawa 
Nellis  AFB,  Nev 
Niagara  Falls  Muni  Apt,  N.  Y, 
Nouasseur  AB,  Morrocco 

Offutt  AFB,  Neb 
Osan  AB,  Korea 
Otis  AFB,  Mass 
Oxnard  AFB,  Calif 

Paine  AFB,  Wash 
Patrick  AFB,  Fla 
Pease  AFB,  N.  H. 

Perrin  AFB,  Tex 
Plattsburg  AFB,  N.  Y. 

Pope  AFB,  N.  C, 

Portland  Muni  Apt,  Ore 

RAF,  Alconbury,  England 
RAF  Bentwaters,  England 
RAF  Sculthorpe,  England 
RAF  Wethersfield,  England 
Ramey  AFB,  Puerto  Rico 
Ramstein  AB,  Germany 
Randolph  AFB,  Tex 
Reese  AFB,  Tex 
Rhein/ Main  AB,  Germany 
Richards -Gebaur  AFB,  Mo 

Schilling  AFB,  Kansas 
Scott  AFB,  Ill 
Selfridge  AFB,  Mich 
Sembach  AB,  Germany 
Sewart  AFB,  Tenn 
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Table  5-39.  Activities  Authroized  to  Possess  Base  Standards 

(continuation) 


BASES 

Seymour  Johnson  AFB,  N.  C. 

Shaw  AFB,  S.  C. 

Sheppard  AFB,  Tex 

Spangdahlem  AB,  Germany 

Spokane  Inti  Apt,  Spokane,  Wash 

Stead  AFB,  Nev 

Stewart  AFB,  N.  Y. 

Suffolk  Co.  AFB,  L.  I.,  N.  Y. 

1 

! 

Thule  Air  Base,  Greenland 

Torrejon  AFB,  Spain 

Toul  AFB,  France 

Travis  AFB,  Calif 

Traux  Fid,  Wis 

Turner  AFB,  Ga 

Tyndall  AFB,  Fla 

A  A  Ij’  Tl  1  ^ 

Vandenberg  AFB,  Calif 

f 

1 

Walker  AFB,  N.  Mex 

Webb  AFB,  Tex 

Westover  AFB,  Mass 

Wheelus  AB,  Libya 

Whiteman  AFB,  Mo 

Wiesbaden  AB,  Germany 

Williams  AFB,  Ariz 

Wurtsmith  AFB,  Mich 

Wright" Patterson  AFB,  Ohio 

Yokota  AB,  Japan 
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WESTERN  PRIMARY  STANDARDS  LABORATORY  -  U.  S.  NAVY 
POMONA.  CALIFORNIA 


Table  5-40.  Testing  and  Calibration  Facilities 


Variable 

Range 

Accuracy 

Standard 

Acceleration 

20  -  1  000  cps 

Bausch  &  Lomb 
Microscope 

Flow 

0.014  -  416  gpm 

Repeatability 
±0.  2% 

NBS  referenced 

Flow  Stand 

Force 

50  -  100,  000  lbs 

0.2% 

NBS  Certified 

Proving  Rings 

Pressure 

50-20.  000  psi  in  oil 

1  part  in 

10,  000 

NBS  Certified 

Piston  Gage 

3-150  psi  in  air 

1  part  in 

10,  000 

NBS  Certified 

Piston  Gage 

1  micron  vacuum 

Reference  McLeod 

Gage 

Temperature 

-igo^c  to  -t  200‘’C 

0.01  "C 

NBS  Cert.  Plat, 

Res.  Therm. 

0  c  to  1500®C 

0.5"C 

NBS  Cert.  Thermo¬ 
couples 

Torque 

6000  in  lbs. 

Dead  weight  calibrated 
Toique  Tester 

Vibration 

See  acceleration 
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5-6  AVCO  RESEARCH  AND  ADVANCED  DEVELOPMENT  DIVISION, 
WILMINGTON,  MASSACHUSETTS 


Table  5-41.  Electrical/Electronic  Measurement 


Accuracy  Capabilitie.s 


VARIABLE 


Vo)Ug<» 

DC 


RANGE 


Standard  Calis 
I  .  1 1,000  /zv 
11.000  -  i  11.000  ;tv 
0.1  .  1000  V 
1 .0  k  .  so  k  V 


ACCURACY 


STANDARD 


±:  I  microvolt 
±(0.01%  +  0.02  /xv) 
±(0.01%  +  0.1 
±0.005% 

±0.1% 


Saturated  Std.  Calls  &  Comparator 
Thsrmotree  Potentiometer 
Thermofree  Potentiometer 
Voltage  Divider  &  Std.  Cell 
Voltage  Divider  &  Po'entiometcr 


Voltage 

AC 


10  •  fOO  mv  (50  -  lOlc  cps] 
100  mv  -  8  V  (50  •  lOlc  cps) 

8  -  1200  V  (20  •  20k  cps) 

1 .2lc  •  6.9  kv  f60  cps ) 

6.9k  -  30  kv  (60  cps] 


±0.15% 

±0.06% 

±0.05% 

±0.45% 

±1.0% 


T/anjfer  Voltammoter  &  Rate©  Xfmr 
Transfer  Voltammeter  &  Ratio  Xfmr 
Transfer  Voltammeter  S  Volt  Bo:  Eictension 
Dynamometer  &  Voltage  Xfmr 
Electrostatir  Voltmetei 


Current 

DC 


0.00 1  -0.1 
0.1  pa  •  100  ma 
0.1  -  30  a 
30  •  600  a 


±0.03% 

±0.02% 

±0.03% 

±0.05% 


Standard  Resistor  &  Potentiometer 
Standaid  Resistor  &  Potentiometer 
Standard  Resistor  &  Potentiometer 
Potentiometer  &  Calibrated  Shunt 


Current 

AC 


50  ma  -  5.0  a  (20  -  20k  cps)  ±0.05% 

5.0.150  a  (20  -500  cps)  ±0.15% 


Transfer  Voltammeter 

Transfer  Voltammeter  &  Current  Xfmr 


Power 

DC 


I  mw  .  3  fcvr 
3-225  kw 


±<\Ci4^/ 

±o.hC 


Potentiometer,  Shunt  &  Volt  Box 


Power 

AC 


0,4.  1500  w  (20.20k  cps) 
1500  w. 45  kw  (50  •  500  cps) 
45  -  180  kw  (60  cps) 


±0.1%  for  unity  P.F. 
±0.2%  for  unity  P.P. 
±0.35% 


Transfer  Voltammeter 
Transfer  Voltammeter  &  Current  Xfmr 
Transfer  Volfammofer,  Current  Xfmr, 
Volt  Box  Extension 


Rfcistcbce 

Standards 


O.OCI,  0.01.  O.i  ohm 

1 .0  ohm 

10.  20.  50.  100.  200.  500,  Ik,  2k.  I  Ok 

ohms 
look  ohms 


±0.001% 

±0.00057^ 

±0.001% 

±0.0027, 


Standard  Resistor  &  Precision  Wenner 
Thomas  l-ohm  Std.  &  Precision  Wenner 
Standard  Resistor  &  Precision  Wenner 

Standard  Resistor  &  Precision  Wenner 


Bridge 

Bridge 

Bridge 

Bridge 


iiitarmadiate 

Values 


10  •  SO  /xohms 
50  ^ohmt  .  I  ohm 
j  -  I  OO.OOU  ohms 
0.1  •  to  megohms 


±0.02  ^ohms 

±0,047o 

±0.0157, 

±0.057o 


Kelvin  Bridge 

Kelvin  Bridge 

Wheoistone  Bridge 

Std.  Resistor  &  Wenner  Potentiometer 


Inductance 

Standards 


Decimal  Multiples  of  i,  2,  3.  or  5 
from  100  -  1000  juh  (Ik  cps)  and 
2  -  100  mh  (Ik  cps) 

0.2,  0.4,  I  h.  2  h.  5  h  (so  -  1000  cps) 


±0.5  ph 
±0.03% 
±0.037o 


Std.  Inductor  &  Comparison  Bridge 
Std.  Inductor  &  Comparison  Bridge 
Std.  Inductor  &  Comparison  Bridge 


Intermediate 

Values 


0.1  /xh.  1000  mh  (60-  lOk  cps) 
I  •  to  h  { 1000  cps) 

ICO  -  1000  h  (1000  cps) 


±(0.27o  +  0.1  /xh) 

±0.3% 

±0.6% 


Std.  Inductor  &  Comparison  Bridge 
Std.  Inductor  &  Maxivoll  Bridge 
Std.  Inductor  &  Maxwell  Bridge 


(continued) 
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Table  5-41.  Electrical/Electronic  Measurement 
Accuracy  Capabilities  (continuation) 


Capacitance 

Standards 

Decimal  Multiples  of  1,  2,  3  or  4 
from  10  fo  l^'l  ( 1000  cps) 

±(0-l%  +  0.1  ,.pf) 

Std.  Capacitor  &  Mod.  Schering  Bridge 

Intermediate 

0-10  /LfJ  [30  ■  300k  cps) 

±0.01  ppf 

Std.  Capacitor  &  Mod.  Schering  Bridge 

Values 

I0-40,,,^uf  (30.3001  cpi) 

±0.04  fifx{ 

Std.  Capacitor  &  Mod.  Schering  Bridge 

•40-  IOC  iupf  (30-3001  cpj) 

±0.1% 

Std.  Capacitor  &  Mod.  Schering  Bridge 

100  -  200  (30.300k  cpi) 

±0.2  ppf 

Std.  Capacitor  ^  Mod.  Schering  Bridge 

200  -1000  ppf  (30-30QI<  cpi) 

±0.1% 

Std.  Capacitor  &  Mod.  Schering  bridge 

0.001  -O.i  pf  (Ikcp:) 

±0.15% 

Std.  Capacitor  &  Mod.  Schering  Bridge 

0.1- 100  pf  (50 -201  cps) 

±0.3% 

Capacitance  Comparison  Bridge 

100-  1000  pf  (50 -20k  cps) 

±0.6% 

Capacitance  Comparison  Bridge 

Table  5-42.  Physical  Measurements,  Accuracy  Capabilitie 
Including  Metrology,  Hardness,  Vibration 


ACCURACY 


STANDARD 


Blocks 

Linear 


Angular 

r«I!  CircU 

Small  Angies 

Flatness 
Gaga  Blocks 
Optical  Surface 
Surface  Plates 


Surface  Hnish 
RMS 
CLA 

Hardness 

I  Micro  &  Macro 
Knoop  &  Vickers 


acrew  inreao 
Lead 

Pitch  Oiam 


0.01  •  4.0  in 
5.0  -  20.0  -n 
20  160  in 


0*  .  160* 
to  1 0  niinules 

All  Sizes 
to  8*lr.  diameter 
All  Sizes 


0  '  iOOO  M'H 
C  '  200  Mtn 


Full  Range 
B&C  Scale 


to  8  in  O.D. 
to  12  in  O.D. 


(2)  all  threads  •  internal,  esternal,  ifrcight  and  tapered. 


Vibration 

Amplitude 

Acceleration 

Frerjuen.’.y 


5  /Ain 

l/iin  per  Inch  of  length 
±:|25  fi\n  -f-  I  ;iin 
per  inch  length) 

seconds  arc 
±0.2  seconds  arc 


±2  fi\n 
±2  pin 

±5  min  per  foot  of 
max  linear  dimension 


Impression  Length 
±0.00 1  mm 
±  1 .5  scale  numbers 


Certified  Gage  Blocks  &  Comparator 
Certified  Gage  Blocks  &  Comparator 
Gage  Blocks  &  Long  Length  Meas.  Machine 


Calibrated  Polygon 
Auto*coliipnator 


Monochromatic  Light  with  Optical  Flats 
Monochromatic  Light  with  Optical  Flats 
Auto-collimator 


Profilometor 

Talysurf 


Certified  Teit  Blocks 
Certified  Test  Blocks 

Lead  Measuring  Machine  &  Length  ^tendard 
Certified  Set  of  Thread  Wires 


0.001  «  C.4  inch  (20  - 
2000  cps) 
to  25  g's  mas 

20  >  2000  cps 

20  .  150  dbm  (:9.20kcpil 
70  '  I  10  dbn  ( iO  -  650  cps| 


±(f%  -f-  .00. ‘  )  to  0.1  in  I  Mic,  QscQpe  with  calibrated  reticle 


±4%  fo  '0  g’s 

±0.02% 

±0.4  db 
±0.2  db 


Calibrated  Velocity  pickup 

Freq.  Standard  &  Comparison  Oscilloscope 

Standard  Microphone  -  Pressure  Calib. 

Piston  phone 


WADD  TR  61-67 
VOL  I  REV  1 


Table  5-43.  Temperature  Measurement  Accuracy  Capabilities 


VARIABLE 

RAN&E 

AOCURACY 

STANDARD 

TempcrAtiiro 

±0.0005*C 

Triple  Pt.  Cell 

Fixfd  Points 

+0.010*0  abi. 

+  100.000*0  «bi. 

±0.001*0 

Steam  Bath 

+  231.88*0 

±0.01*0 

Freezing  Pt.  of  Tin 

+  32/.'40*C 

±0.01*0 

Freezing  Pt.  of  Lead 

+  419  50*0 

±0.01*0 

Freezing  Pt.  of  ^inc 

+  660.0*0 

±0.2*0 

Freezing  Pt.  of  Aluminum 

+  960. 8“C 

±0.2*0 

Freezing  Pt.  of  Silver 

+  1083.3*0 

±0.2*0 

Freezing  Pt.  of  Copper 

Intarmediato 

points 

—  183*0  - 1-630*0 

±0,02*0 

Resistance  Thermometer 

+  630*0 - H  100*0 

±0.5*0 

Thermocouples 

+  1100*0 - 1- 1450*0  ±1*0— ±2*0 

Thermocouples 

Table  5-44.  Pressure  Measurements  Accuracy  Capabilities 


PRESSURE  (Abil 

ACCURACY 

INSTRUMENT 

0.005  micron  * 

±10*/, 

McLood  Gauge 

1.0  mm  Hg 

0  -  30  in  of  water 

±0.004  in  H.O 

Water  Manometer 

0.3  -  50  pi! 

:t::0.0i  psi 

Dend-weight  tester 

50  -  500  pil 

±0.125  pfi 

Oead'Weight  tester 

500  •  10,000  p«: 

±0.1% 

Dead-weight  tester 

WADD  TR  61-67 
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SANDIA  CORPORATION 


a.  Liivermorc,  California 


Table  5-45  Testing  and  Calibration  Facilities 


Variable 

Range 

Accuracy 

Standard 

Acceleration, 

Linear 

1-800  g's,  infinite 
variation 

±1% 

Aircraft 

Tachometer 

Acceleration, 
Vibr  ition 
(Sinusiodal) 

50-5000  cps;  lOO  g's  peak 
5.8K  cps:  20,000  g's  peak 
(1  oz .  max.  wt. ) 

±2% 

±2% 

NBS 

Optical  Displace¬ 
ment  Follower 

Acceleration, 

Shock 

30,000  g's  peeik,  approx, 
half- sine  pulse,  300  usee, 
duration,  or  equivalent 

±S%,  Re¬ 
peatability 

Quartz 

Crystal 

Displacement 

0-2  inches 

±0.01% 

Micromete  r 

F  orce 

0-600,000  pounds 

±0.005% 

NBS 

Frequency 

O-lO^  cps 

1  part  in  10^ 
million 

NBS 

Pressure 

Dry  Nitrogen  gas, 

0-10, 000  psig 

±1% 

Dead  Weight 

Tester 

Temperature 

-130  "F  to  +850  “F 

±0.25% 

Mv  Pot. 

Voltage,  DC 

0-750V 

1,  OUO  -  10,  000  V 

±0.05% 

±17® 

Volt  Boxes  &; 

Pot, 

Voltage,  AC 

0-1,  500V 

±0.1% 

Thermal  Converter 
Volt  Box  &  Pot. 

Resistance 

10"'^  -  5  X  lO^^  ohms 

±1% 

Kelvin  &  Wheat¬ 
stone  Bridges 

WADD  TR  61  -  67 
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Table  5-45  Testing  and  Calibration  Facilities  (contd) 


Variable 

— 

Range 

Accuracy 

Standard  | 

Capacitance 

100  uufd  -  1.1  tdd 

±1% 

Capacitance  | 

Bridge 

Humidity 

5%  to  95%  between 
+  35 ‘’F  and  +175  "F 

±10% 

Saturated 

Salt  Solutions 

Altitude 

Ambient  to  130,000  ft. 

±lmm  Hg 

Hass  Manometer 

Seind  -  Dust 

/iir  velocity:  100  fpm  to 
500  fpm  and  2,  300  fpm  to 

3, 000  fpm 

Air  temperature:  +70  °F 
to  +160 “F 

Particle  size:  Constant, 
0.1  to  0.5  grams  per 
cubic  foot 

Vacuum 

1  X  10"^  rnm  of  Hg 

±107o 

McCleod  Cage 

Thermal 

Conductivity 

Temp.  Range:  -65  ®F 
to  +1400  *F 

Conductivity  Range:  0.1 
to  10  BTU/F^/HR/  “F/ 

IN 

±1% 

NBS 

High  Temp. 
Dilatometer 

±0.10  inches 

±1% 

Mv  Pot.  & 

Quartz  Rod 

The  above  testing  facilities  are  available  for  TWG  use  when  the  necessary  AEC 
"Q"  clearance  is  obtained. 
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SANDIA  CORPORATION,  FIELD  TEST 

TRANSDUCER  COMPONENT  CONTROL  SECTION,  7213-3 
SANDIA  BASE 

ALBUQUERQUE  ,  NEW  MEXICO 


Table  5-46.  Testing  and  Calibration  Facilities 


Vari-able 

Range 

Accuracy 

Standard 

Linear 

Acceleration 

1  to  1000  g 

0.5% 

Revolution  counter 
on  spin  table 

Displacement 

0  to  1" 

0. 001" 

Micrometer 

Pressure 

1  micron  to  5  mm  Hg 

1  mm  Hg  to  75  mm  Hg 
i  mm  Hg  to  800  mm  Hg 
0.1  to  31  in.  Hg 

0  to  60  psia 

0  to  300  psia 

0  to  2000  psia 

4  10%  of  reading 
+0.  05  mm  Hg 

1-0.  2  mm  Hg 
-tO.  03  in.  Hg 
-tO.  12  psi 
-tO.  6  psi 
-t4.  00  psi 

McCleod  gage 

Oil  manometer 

Mercury  manometer 

Dead  weight  tester 

Dead  weight  tester 

Dead  weight  tester 

Dead  weight  tester 

Temperature 

-90“F  to  fZOOO'F 

+  1.0“F 

Triple  point  of 

water  and  thermocouples 

Vibration 

1  to  100  g 

5  to  20  g 

2((  to  100  g 

3%  10  to  30  cps 
3%  100  to 

1000  cps 

10%  1000  to 

2000  cps 

Optical  and  frequency 

Optical  and  frequency 

Optical  and  frequency 

WADD  TR  61-67 
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U.S.  N  VAL  MISSILE  CENTER 
POINT  .-lUGU,  CALIFORNIA 


Table  5-47.  Instrumentation  Capability  List 


Variable 

Range 

Accuracy 

Temperature 

-lOO'F  to  1800“F 

2%  +  0.5  °F 

Pressure 

10  ^  to  10^  psi 

1% 

Acoustic 

Noise 

30  to  15  k  cps 
l60  db  spl 

5% 

Vibration 

10  to  15  k  cps 
at  0  to  100  g's , 

6  oz.  maximum 

1.5% 

Linear 

atiOii 

1 

0  to  1 000  g's , 

2500  g-ibs,  max. 

1% 

Mass 

10"^  -  10^  grams 

0.1%^  0,  01  mg 

Force 

5  X  10^  lbs. 

1.0% 

Moment  of 
Inertia 

10”*  -  50 
(slug  ft2) 

0.5% 

Angular 

Acceleration 

+2  -  3K  rad/ sec^ 

2% 

Voltage,  DC 

lO'^  -  10^  volts 

0.  1% 

1 

Voltage,  AC 

10"^  -  10^  volts 

0.2% 

Resistance 

10  ^  -  10^  ohms 

0.  05% 

WADD  TR  61-67 
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Standard 


Thermocouple, 

Thermistor 

Manometer,  dead 
weight  tester 

ASA  Standard 
Microphone 

Optical  micronieter 
and  quartz  crystal 
frequency  standard 

Optical  micrometer 
and  quartz  crystal 
frequency  standard 


Force  tester  with  lab. 
standard  proving  rings 

Standardized  test 
specimens 

Gauge  and  torsional 
pendulum 

Standard  cells,  potentio¬ 
meter  and  precision  supply 

Transfer  standards  and 
ratio  transformer 

Standard  resistor  and 
dge 


(continued) 


--  -  -  -  -■  • ■ 


^ 

s’ 


Table  5-47.  Instrumentation  Capability  List  (continuation) 


Variable 

Range 

Accuracy 

Standard 

Current,  DC 

10”®  -  10^  amps 

0.  1% 

Potentiometer  and  standard 

resistor 

Current,  AC 

10  ®  -  10^  amps 

0.2% 

Transfer  standards  and 
ratio  transformer 

Inductance 

10  ®  “  10^  henries 

1% 

Standard  inductor 
and  bridge 

Capacitance 

10"^^  -  10^  micro¬ 
farads 

0.5% 

Standard  capacitor  and 
bridge 

Frequency 

1-10®  cps 

Quartz  crystal  frequency 
standard 

Rotational 

velocity 

0-5x10'^  rpm 

1% 

Stroboscope  and 
electronic  counter 

Rotational 

displacement 

A 

10  degrees 

1% 

Index  head  and  mirror 

Angle  of 
attack 

+15  degrees 

o.zs* 

Precision  potentiometer, 
index  head  and  height  gauge 

Strain 

0-4x10  micro 
in/ in 

+  10  micro  inch 

Strain  gauge  instruments 

Sideslip 

+15  degrees 

0.25“ 

Precision  potentiometer, 
index  lic&d  nnd  licxglitgungc 

Power,  DC 

10'®  -  10®  watts 

0.5% 

Standard  resistor  and 
potentiometer 

Power,  AC 

1-10®  watts 

0.5% 

Transfer  standard  and 
transformer 

5-9 


U.  S.  NAVAL,  ORDNANCE  TEST  STATION 
CHINA  LAKE,  CALIFORNIA 


Table  5-48.  Testing  and  Calibration  Facilities 


Variable 

Range 

Accuracy 

Standard 

Vibration 

0-30  g 

±4% 

Endevco  Model 

2215  Accelerometer 

Pressure 

0,  3-3000  psi 

±0.  2% 

CEC  Precision 
Pressure  Srandard 

Force 

0-1000  g 

±0.  5% 

Genisco  Model 

A-903  Centrifuge 

5-10  ELECTRICAL  TESTING  LABORATORIES,  INCORPORATED 
2  EAST  END  AVENUE 
NEW  YORK  21,  NEW  YORK 


Table  5-49.  Testing  and  Calibration  Facilities 


Variable 

Range 

Accuracy 

Standard 

Light  Intensity 

10  ^  to  10^  cp 

1/2%  -  center 

NBS  Cal.  Ijamps 

range 

10%  -  extremes 

Radiant  Heat 

5  to  5  X  10^ 

2%  -  center  range 

NBS  Cal.  Lamps 

Flux 

- - - - —  ..  , 

Ivlicrowatto/ 

cm^ 

10%  -  extremes 
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Table  5-50.  Testing  and  Calibration  Facilities  (continuation) 
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NAVAL  AIR  TEST  CENTER.  FLIGHT  TEST  DIVISION 
U.  S.  NAVAL  AIR  STATION,  PATUXENT  RIVER, 
MARYLAND 


Table  5-51.  Common  Instrumentation  Measurements 
and  Calibration  Standards 


Variable 

Measurand 

Range 

Accuracy 

Acceleration 

0  -  nhEO  g 

Under 

1/2  of  1% 

Attitude  (gyro) 

±180° 

Under 

1/2  of  1% 

Angular  Rate 
(gyro) 

720°'  /  sec 

Under  1% 

Pressure 

0  -  300  psi 

U  nde  r 

1/2  of  1% 

Revolutions  /  min. 

0  -  20,  000  rpm 

Under 

1/2  of  1% 

Altitude 

0  -  80,  000  ft. 

Under  1% 

Airspeed 

0  -  1000  kt 

Under  1% 

Fuel  Flow 

0  -  120,  000  Ib/hr 

Under 

1  /2  of  1% 

Force  measure¬ 
ments  on  large 
members  (such  as 
aircraft  arresting 
hooks) 

0  -  120,  000  lb. 

Under  1% 

Vibration 

0  -  200  cps 

Under  1% 
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Standard 


Pendulum;  vi¬ 
bration  table; 
centrifuge 


Calibrated  tilt 
table 


Pendulum  or 
centrifuge 


Lab  manometer 
or  dead  v/eight 
tester 


Lab  tachometer 
bench  with  elec¬ 
tronic  counter 


Lab  barometer 
Lab  manometer 


fu-^l  flow  boncH 
with  electronic 
counter 


Lab  weights  or 
hydraulic  tension 
n,  a chine 


magnetic  vibration 
table 
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ROTOTEST  LABORATORIES  INCORPORATED 
2803  Los  Flores  Boulevard 
Lynwood,  California 


Table  5-52  Testing  and  Calibration  Facilities 


Variable 

Range 

Accuracy 

Standard 

Acceleration 

0-100  g 

1/2% 

Pr.^cision  Centri¬ 
fuge 

Mass 

6-200  gms 

±  .01  mg 

Analytic  Beam  Bal. 

0-4,5  lbs  - 

±  .  01  oz 

Bal.  Scale 

Force 

0-5,  000  lbs 

2% 

Deadweight  Cali- 

0-100  lbs 

1/2% 

brated  Tensile  Tester 

Voltage  DC 

0-500  V 

,05% 

Differential  VTVM 
(nulling  device) 

Voltage  AC 

0-500  V. a. c . 

.2% 

Differential  VTVM 
(nulling  device) 

^\/  t-u  J 

.1% 

Transfer  Standards 

Temperature 

-60  -  +5  ‘■C 

Thermometer 

-5  to  +202  °C 
+198  -  +360  “C 

±.]“C 

i.5°C 

Standard 

Resistance 

1  ohm  -  10^  ohms 

,012% 

Standard  Resistors 
.  01%  with  .  001% 
voltage  divider 

10  °  -  1  ohm 

.5’/o 

Kelvin  Bridge 

Linear 

Displacement 

0-6  inches 

.001  inch 

Mm,  Machinist 

Table 

Angular 

Displacement 

30  sec 

Angular  dividing 
head  optically 
calibrated  to  5  sec 
accuracy 
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Table  5-5Z  Testing  and  Calibration  Facilities  (contd) 


Variable 

Range 

' 

Accuracy 

Standai'd 

Voltage  Ratio 
Measurements 

AC 

50  cps  -  3  kc 

.001% 

Prcc.  ratio  trans 

3  kc  -  10  kc 

.  01% 

Prec.  ratio  trans 

DC 

± .00001 

Prec.  V  divider 

Capacitance 

100  uuf  -  1.15  uf 

.1% 

Standard  Capacitance 
Bridge 

Inductance 

0  -  1,111  by 

1% 

Incremental  Induc¬ 
tance  Bridge 

100  uhy  -  10  hy 

.2% 

Kay  Owen  Bridge 
Circuit 

Time  ) 

Stability  of 

WWVH  or  Digital 

F requency  ) 

Standards 

Counte  r 

Pressure 

10""^  mni  Hg  to  10^  psi 

1  micron 

Ion  Gauge,  McLeod 
Gauge 

Manometer,  dead¬ 
weight  tester 

1  mm 
.2% 

.1% 

Bourdon  type  press, 
gauge 

Temperature 

Fluid  baths  0-200”C 

Lab.  Standard 

Thermometers 

-100  -  1-600  “F 

Component  chamber 

il/ZT 

-100  -  -11500  “F 

iZ'F 

Vibration 

5-2, 000  cps 

±5% 

Crystal  accel. 

10,  000  force  lb. 

Ling  275 

5,  000  force  ib . 

MB  C25H 

750  force  lb. 

MB  C5 

600  force  lb. 

50  force  lb. 

Calidyne  44A 
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Variable 

Range 

Accu rac  ■ 

Standard 

Sliock 

Half  sine  wave 

Saw  tooth 

Square  wave 

i-10% 

Crystal  accel. 

Acoustics 

37,5  -  10  kc,  153  db 

8  inches  x  8  inches 

Gios s- sectional  area  of 
test  chamber 

Capacitive  microphone 
VU  broad  band  & 
octave  analyzers 

Altitude 

0  -  700,  000  feet 
(1C~^  mm  Hg) 

1  micron 

±1  mm 

Ion  Gauge 

McLeod  Gauge 

Standard  Manometer 
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JET  PROPULSION  LABORATORY 
California  Institute  of  Technology 

Engineering  Facilities  Division  and  Hydraulics  Lab 
Pasadena,  California 
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Table  5-54  Testing  and  Calibration  Facilities  (contd) 
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Shock  125  g  max  10%  Ballistic 

accel. 


6593D  TEST  GROUP  (DEVELOPMEN: 
Air  Force  Systems  Command 
United  States  Air  Force 
Ewards  Air  Force  Base,  California 


Table  5-55  Testing  and  Cal: 


Variable 

Range 

Acceleration 

5  to  5000  cps 

0  to  100  g’s  max 

5000  lb  force  max 

Flow 

0.12  to  350  gal/min 
(water) 

Nuclear 

Radiation 

a.  Alpha- Neu¬ 
tron  Detection 

0-15,000  counts/mim 

b.  Gamma  De¬ 
tector 

0.2  to  2500  mr/hr 

Pressure 

+5  to  10, 000  psi 
vacuum,  0.1  mm  hg 

Temperature 

-259  to  +260  "C 
+  260  to  +1200  “C 
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ion  Facilities 


Accuracy 

Standard 

1.5  to  5  % 

Optical  Disp. 
Measuring  &  Fre¬ 
quency  Standard 

Repeatability 

NBS  Transfer 
Flowmeter 

±10% 

Cal.  Isotope 

±5% 

Cal.  Isotope 

±0.1% 

±  .5% 

Oil  Dead  Weight 
Tester  Hg  man¬ 
ometer 

±0.3  "C 
±0.5% 

Plat.  Resist,  bulb 
Std  Thermocouple 

5~17  INLAND  TESTING  LABORATORIES 

Division,  of  Cook  Technological  Center 
Morton  Grove,  Illinois 


Table  5-56  Testing  and  Calibration  Facilities 


Variable 

Range 

Accuracy 

Standard 

Temperature 

-100  to  1000  “F 

±  .S^F 

Standard  Thermo- 

mete  r 

Pre  s  sure 

0  to  790  mm/hg 

5  to  1000  lbs . 

±0.2  mm/hg 

±0.1% 

Haas  A-1  Baro¬ 
meter 

Dead  Weight  Test¬ 
er 

Acceleration 

0  to  1000  g's 

2  to  5000  cps 

±3% 

NBS  Certified  Stand¬ 
ard  Microphone 

F  requency 

DC  to  100  MC 

2  parts  in 

10^/ day 

WWV  witbi  Standard 
Crystal 

DC  Voltage  & 

t,,Ul  i  ciit 

0  to  30,  000  V 

0  to  300  amps 

±  .015% 

NBS  Certified  K-3 
Pot.  Standard 

Cells  V  Multiplier 
&  Current  Multi¬ 
plier 

AC  Voltage  & 
Current 

0  to  1500  volts 

0  to  1000  amps 

±  0,1%  to 

1000  cps 

Transfer  Standards 

Resistance 

1  to  100,000  ohms 

±0.01% 

Standard  Resistors 

Sc  Bridges 

Capacitance 

100  mmf  to  1  mfd 

±  0 , 2% 

Standard  Capacitors 
&  Bridges 

Sound  Press . 

2  to  20,  000  cps 

±1  DB 

NBS  Certified  Std 
Microphone 
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6-18  BALD  WIN- LIMA- HAMILTON  CORPORATION 

Waltham  54,  Massachusetts 


Table  5-57  Testing  and  Calibration  Facilities 


Variable 

Range 

Accuracy 

Standard 

Pressure 

0-30  psi 

.05% 

Manometer 

100  -  10,000  psi 

.01% 

Dead  Weight  Tester 

10, 000  -  100, 000  psi 

.15% 

Std  Press.  Cells 

Force 

0  -  130,  000  lbs 

.01% 

Dead  Weights 

130,  000  -  250, 000  lbs 

.025% 

Extended  Range  Dead 
Weight  Tester 

0  -  800,000  Comp. 

- 300, 000  Tens . 

.05% 

.05% 

Std  Load  Cells 

Torque 

0  -  50, OCO  in-lbs 

.05% 

Dead  Weight  & 

Torque  Arm 

0  -  400, 000  in- lbs 

.05% 

Std.  Load  Cells  &; 
Torque  Arm 

0-1,  UOO  u  in/ in 

.5% 

Std  Bending  Beam 
&  Dead  V/eight 

0  -  2,  500  u  in/ in 

.2% 

Optical  Strain  Gage 

0  -  5,  000  u in/ in 

1.0% 

Bonded  Filament 

Strain  Gage 

0  -  100,  000  u  in/ in 

2.0% 

Bonded  Filament 

Strain  Gage 

Transducer  Out- 

0  -  3  dc  mv/v 

.025% 

Self  Bal.  Pot.  with 

put  Voltage 

0  -  4  ac  dc  mv/ v 

.05% 

extended  range. 

0  -  3G  dc  mv/v 

Precisi  on  Pot. 

Voltage  DC 

0-1.6  volts 

.02% 

Precision  Pot, 

Resistcuice 

0  -  99,999,000 

.05% 

Wheatstone  Bridge 

Angular 

Deflection 

0  -  60'“  CW  &  CCW  =  120* 

.3% 

Geared  Calib.  Rig 

9 


CRYOGENICS,  INC. 
Alexandria,  Virginia 


Table  5-58  Testing  and  Calibration  Facilities 


Variable 

Ramge 

Accuracy 

Standard 

Temperature 

12  “K  to  300  *K 

.Ol-K 

NBS  Certified 

Thermometers 

Z.Z'K  to  S.Z'-K 

.02“K 

Helium  Vapor 

Press  Scale 

Pressure 

1  Micron  Vacuum 

McLeod  Gage 

Resistance 

-3  -2 

10  to  10  ohms 

-6  -1 

.05% 

Std.  Resistor  & 
Bridge 

Voltage,  D.C. 

10  to  10  volts 

.1% 

Std.  Cells  &  Pre¬ 
cision  Pot. 

Pressure 

1  to  500  lbs 

.2% 

Dead  Wt.  Tester 

Liquid  Level 
(Cryogenic) 

To  36  inches 

.060 

Visual  window  in 
Dewar  assembly 

The  facilities  for  performing  the  above  noted  test  programs  are  located 
at  the  company's  two  locations;  A.lcxandria  and  Stafford,  Va,  The  Stafford 
facility  is  utilized  for  testing  that  involves  the  handling  of  hazardous  media 
such  as  liquid  hydrogen  or  where  any  requirement  of  the  program  necessitates 
remote  testing. 

The  company  has  an  in-house  capability  for  producing  liquid  helium 
and  hydrogen  for  the  test  programs  due  to  the  fact  that  it  possesses  a  Collins 
Helium -Hydrogen  liquefier.  Production  capability  is  8  liters  per  hour  of 
either  liquid  helium  or  hydrogen. 
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Variable 

Range 

Accuracy 

Standard 

Acceleration 

(vibration) 

5  -  10,  000  cps 

Error  in 
applied 

acceleration - 

5  -  900  cpa<l .  5% 

900  -  2000  cps<.2,5% 
2000  -  5000  cps<3.0% 
5000  -  10.000  cps<5.C% 

NBS  tracea¬ 
bility  is 
shown 

Acceleration 

(vibration) 

Acceleration 

(vibration) 

-65“F  to  +500  “F 
at  approx.  100  cps 

1  to  100  g 

at  approx.  100  cps 

Cross  Axis 
Sensitivity 

at  approx.  10  cps 

Acceleration 

(shock) 

100  g  to  15,000  g 
half  sine 

less  than  5% 

Impact  Drop 
Tester  (see 
Endevco 

TD  11/12/60) 

1 

-  ■  1 
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RADIATION,  INCORPORATED 
Melbourne,  Florida 


Table  5-60  Testing  and  Calibration  Facilities 


Variable 

Range 

Accuracy 

’i'Standard 

DC  Voltage 

0-4  volts 

±  .0015%  or  10  uv 

NBS  Certified  2,  5 

4  -  1000  volts 

±.003% 

NBS  Certified  2,  5,  6 

AC  Voltage 

0  -  1000  volts 

±  .  2%,  to  4  kc 

15 

DC  Current 

0-15  amps 

±  .02% 

1.  3,  8 

0- -  40  ina 

±  .003%  or 
±  .01  ua 

2.  5 

AC  Current 

10  ma  -  5  amps 

±  .2% 

15 

5-20  amps 

±  .25% 

16 

Frequency 

10  cps  -  10  Me 

1  count  ±3  parts 
per  10^  per  week 

WWV  Signal,  11,  26 

10  Me  -  12  Gc 

±  3  parts  per  10^ 

WWV  Signal.  11,  26 

Resistance 

1,  10,  100,  IK,  lOK 

±  .01% 

NBS  Certified  7 

10  ohms  -  1.1  Meg 

±  .05% 

31 

Inductance 

100  uh 

±.1% 

NBS  Certified  9 

1,  10,  100  mh 

±  .03% 

T 1 

1  h 

±  .05% 

II 

C  apacitance 

100  uufd 

±  .  01%  +  .  1  uufd 

NBS  Certified  10 

.001  ufd 

±.1% 

11 

,01  ufd 

±.1% 

n 

.1  ufd 

±.1% 

1! 

Power  (ac  &  dc) 

0  -  4  Kv/ 

±  .  25%  to  1 .2  Kc 

17,  18 

0  -  200  w 

±2.0%  to  3  KMc 

25 

Length 

0-24  inches 

Class  A  gage 

Webber  Certified, 

block  tol. 

12 

Mass 

1.0  mg  -  1  Kg 

Class  S  tol. 

NBS  Certified  13, 

59.  60 

2  Kg  -  10  Kg 

Class  Q  tol. 

59 

1  lb  -  50  lb 

Class  T  tol. 

59 
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Table  5-60  Testing  and  Calibration  Facilities  (contd) 


Variable 

Range 

Accuracy 

’i'Standard 

Temperature 

32“  -  530  “F 

±4“F 

(a)  34 

530“  -  1600 “F 

±  .  75%  of  read- 

L.  &  N.  Cert. 

ing 

(a)  34 

-75“  -  200  “F 

±1.5“F 

(b)  34 

200“  -  700  “F 

±  .  7 5%  of  read- 

(b)  34 

ing 

(a)  -  Chromel  &  Alumel  Thermocouple 

(b)  =  Copper  &  Consta 

ntan  Thermocouple 

Torque 

0  -  100  lb  -  in 

±1.0% 

37,  42 

0-25  oz-in 

±  .  5% 

42 

Force 

0  -  50  lb  (compress) 

±1% 

37 

0  -  250  lb  (tension) 

±1% 

37,  41,  6l 

0  -  1000  lb  (tension) 

±1% 

37,  41,  6l 

Comparator 

10  n 

visual  acuity 

43  ref.  to  12 

Magnification 

limitiiig  tol. 

±  .005% 

_ 

20  X 

±  .0025% 

43  ref.  to  12 
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Table  5-60(coutd) 


^STANDARDS 


Reference  Standards 

1  -  Rubicon  2775  Standard  Cells  (Unsatu rated) 

2  -  Julie  Research  Labs.  SCO-106  Primary  Voltage  Standard 

3  -  Rubicon  Type  B  Potentiometer 

4  -  Rubi<'on  2795  Volt  Box 

5  -  Julie  Research  Labs.  PVC-504  Precision  Voltage  Current  Potentiometer 

6  -  Julie  Research  Labs.  VDR-106  Primary  Standard  Voltage  Divider 

7  -  Gray  E-1243-1247  Standard  Resistors 

8  -  Rubicon  1163  Standard  Shunt 

9  -  G.  R.  1482  B,  H,  L,  P  Standard  hiductors 

10  -  G.  R.  1401- Aj  509- F,  Tf  L  Standard  Capacitors 

11  -  Berkeley  905  WWV  Receivers 

12  -  Webber  #24HD  Gage  Blocks,  Class  A 

13  -  Voland  and  Troemner  Weights,  Class  S 

14  -  L  &  N  #8784  High  Temperature  Certified  Thermocouple 

Transfer  Standards 

15  -  SRI- Model  THACH  Volt- Ammeter 

16  -  Weston  Model  370  Ammeter 

17  -  Weston  Model  310  Wattmeters 

18  -  Weston  Model  341  Voltmeter 

Working  Standards 

19  -  RFL-829  Meter  Calibrator 

20  -  Weston  931  DC  MilliamrOeter 

21  -  Simpson  Model  9  Milliammeter 

22  -  Simpson  Model  9  Ammeter 

23  -  Weston  Mode]  1  Ammeter 

24  -  Weston  Model  901  Voltimeter 

25  -  Jones  641-IS  Crlorimetric  Wattmeter 

26  -  Berkeley  7370  &  7580  Frequency  Counter  equipment 

27  -  RFL-829  Wlieatstone  Bridge 

28  -  John  Fluke  301C  Precision  DC  Power  Supply 

29  -  Electro- Measurements  291  Z  bridge 

30  -  G.  R.  1454-A  Voltage  Divider 

31  -  G.  R.  1432-J,  K,  Q,  L  Decade  Resistors 

32  -  Empire  De\T.ces  AT-106D  Attenuator 

33  -  Weinschel  AS-1  Precision  Attenuator  Set 
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Table  5-60  (contd) 


34  -  Rubicon  2745  millivolt  potentiometer 

35  -  L  8c  N  ThermocoupleSf  Chromel-Alumel  and  Copper  Constantan 

36  -  Dillon  Model  L  Universal  Tester,  tension  and  compression 

37  -  Dillon  X  force  gages 

38  -  McCleod  Vacuum  Gage  CVC  #GM-100A 

39  -  Thermometers 

40  -  Huer  Timer 

41  -  Troemner  test  weights,  class  Q  &  T 

42  -  Snap- On  Tool  Co.  beam  scale  torque  balance 

43  -  C^tical  Comparator  magnification  check  gage 

44  -  600A  Acme  Scientific  Monochromatic  light  source 

45  -  Optical  flats 

46  -  Master  plugs,  Midemaster  M-2 

47  -  Screw  thread  setting  plug  gages 

48  -  Thread  measuring  wires 

49  -  Micrometers 

50  -  Surface  plates 

51  ■■  Angle  plate 

52  -  Sine  plate,  Robbins  B-3-SP 

53  -  Precision  straight  edge 

54  -  Standard  gage  comparator  height  gage  with  test  indicator 

55  -  B  8c  S  Crimp  height  comparator  gage 

56  -  Dermitron  standard  thickness  gages 

57  -  Rockwell  hardness  test  blocks 

Accessory  Calibration  Equipment 

58  -  Rubicon  340 4- H  Galvanometer 

59  -  Troemner  1751  High  capacity  balance,  30  kg 

60  -  Ainsworth  Type  "T"  Analytical  banance,  200  g 

61  -  Radiation  Tensile  force  gage  tester,  iOOO  pounds 

62  -  Radiation  Compression  force  gage  tester,  100  pounds 

63  -  Radiation  Constant  temperature  standard  cell  test  chanjber 

64  -  Hotpack  high  tenjperature  furnace 
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ASSOCIATED  TESTING  LABORATORIES,  INC 
Wayne,  New  Jersey 
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Testing  and  Calibration  Facilities  (contd) 


5-23 


NORTH  HILLS  ELECTRONICS,  INC. 
Glen  Cove,  New  York 


North  Hills  Electronics,  Inc.  has  established  a  standards  laboratory 
and  is  initiating  a  service  for  industry  for  the  measurement  and  calibration 
of  any  type  of  equipment  requiring  measurements  of  d-c  voltage,  current 
and  resistance  to  better  than  0.01%.  Primary  voltage  and  resistance  standards 
which  have  been  certified  by  the  National  Bureau  of  Standards  consist  of 
banks  of  saturated  standard  ceils  certified  to  0.0001%  and  NBS-type  resistors 
kept  in  a  precisely  controlled  temperature  oil  bath,  whose  temperature  is 
maintained  at  28*  C  within  0.01*.  North  Hills  will  certify  that  its  measure¬ 
ments  are  traceable  to  the  National  Bureau  of  Standards . 
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SECTION  VI 


REFERENCES 


This  section  presents  a  consolidated  listing  of  all  references  which 
have  been  footnoted  in  the  preceding  section.  They  are  arranged  in  the 
numerical  order  of  their  appearance  in  the  handbook.  The  Bibliography 
(Section  VII)  does  not  contain  all  these  references.  In  some  cases  they 
are  referenced  only  to  credit  a  brief  statement  and  other  omissions  are  due 
completion  of  Section  VII  before  final  draft  of  preceding  sections. 
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SECTIOM  VII 
BIBLIOGRAPHY 


This  Bibliography  primarily  consists  of  references  pervaiaing 
to  measuranclsj  specific  types  of  transducers,  testing  results  auU 
calibration  techniques.  Related  handbooks,  manuals  and  compilations 
are  included  to  assist  the  reader  in  transducer  state-of-the-art 
surveys  and  investigations. 

References  are  arranged  alphabetically  according  to  the 
surname  of  the  principal  author.  Whenever  an  author's  name  was 
not  available,  the  reference  title  has  been  used.  The  references  are 
numbered  c  onsecutively  in  Arabic  numerals,  begiuuiug  with  nuriiber 
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FOREWORD 


A  standard  in  the  field  of  telemetry  for  guided  missiles  was  estab¬ 
lished  in  1948  by  the  Committee  on  Guided  Missiles  of  the  Research  and 
Development  Board  (RDB),  Department  of  Defense,  and  was  thereafter  re¬ 
vised  and  extended  as  necessary  as  a  result  of  periodic  reviews  of  the 
standard  by  the  Committee's  Working  Group  on  Telemetering  of  the  Panel 
on  Test  Range  Instrumentation.  The  last  official  RDB  revision  of  the 
standards  was  published  as  RDB  report  MTRI  204/6  dated  8  November  1951. 
Since  the  termination  of  the  Research  and  Development  Board,  new  stan¬ 
dards  have  been  prepared  by  the  Inter-Range  Instrumentation  Group  (IRIG). 
The  Steering  Committee  representing  IRIG  and  the  Department  of  Defense 
test  ranges,  has  assigned  the  task  of  promulgating  new  or  revised  telemetry 
standards  to  the  Telemetry  Working  Group  (TWG).  IRIG  Document  No. 
106-60  comprises  the  current  Combined  Standards  and  supersedes  the 
following  IRIG  Standards: 

IRIG  Recommendation  No.  101-55  Testing  for  Speed  Errors  in 

Instrumentation  Type  Magnetic 
Tape  Recorders 

IRIG  Recommendation  No.  101-57  Magnetic  Recorder/Reproducer 

Standards 

IR.IG  Recommendation  No.  101-60  Magnetic  Recorder/Reproducer 

Standards 

IRIG  Recommendation  No.  102-55  Telemetry  Standards  for 

Guided  Missiles 

IRIG  Recommendation  No.  102-59  Standards  for  Pulse  Code 

Modulation  (PCM)  Telemetry 

IRIG  Recommendation  No.  103-5  6  Revised  Telemetry  Standards 

for  «T*i.£si.X©s 

The  Standards  have  been  generated  to  further  compatibility  of  air¬ 
borne  transmitting  equipments  and  ground  receiving  and  data  handling 
equipments  at  the  test  ranges.  To  this  end,  it  is  the  recommendation  of 
the  Inter-Range  Instrumentation  Group  Steering  Committee  that  Tele¬ 
metry  equipment  at  the  test  ranges  conform  to  these  standards. 
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PART  I 


RADIO  FREQUENCIES 

(FREQUENCY  PARAMETERS  AND  CRITERIA  FOR 
DESIGN  OF  TELEMETRY  TRANSMIT  lER 
AND  RECEIVER  SYSTEMS) 

1.  1  FREQUENCY  UTILIZATION 

The  enclosed  parameters  and  criteria  have  been  devised  by 
the  Frequency  Coordination  Working  Group  of  the  Inter -Range  Instru- 
mentation  Group,  with  the  assistance  of  members  of  the  Telemetry 
Working  Group,  development  groups  of  the  three  military  services, 
and  aircraft  industries.  The  purpose  of  these  parameters  is  to  pro¬ 
vide  development  and  coordination  agencies  with  design  specifications 
on  wMch  to  base  equipment  development  and  modification  in  an  effort 
to  insure  interference-free  operation  for  all  concerned  and  efficient 
utilization  of  the  telemetry  radio  frequency  spectrum. 

It  has  long  been  recognized  that  the  frequency  spectrum  is  a 
limited  entity,  a  resource  which  must  be  conserved.  It  has  been  fur¬ 
ther  recognized  that  frequency  utilization  is  a  system  problem;  the 
transmitter-receiver  link  must  be  considered  as  a  system.  Efficiency 
of  spectrum  utilizatioii  should  be  a  goal;  susceptibility  to  interference 
should  be  minimized. 

Wasteful  use  of  the  spectrum  by  any  system  using  electro¬ 
magnetic  radiation  and  reception  can  have  far-reaching  effects  in  many 
phases  of  military  and  civil  activities.  It  is  firmly  believed  that  unless 
the  basic  philosophy  of  spectrum  conservation  is  recognized  and  applied 
by  all  agencies  in  the  electronic  field,  (designers,  manufacturers,  testers, 
and  users)  serious  consequences  are  inevitable. 

It  is  emphasized  that  these  parameters  and  criteria  have  been 
devised  for  application  at  military  test  ranges  where  congestion  of  por¬ 
tions  of  the  usable  frequency  spectrum  is  a  severe  problem.  It  is  hoped 
that,  where  applicable,  these  same  principles  will  be  applied  to  other 
fields  outside  the  scope  of  instrumentation  systems. 

1.  2  FREQUENCY  BAND  216-260  MGS 

216-225  mes  -  Channel  spacing  is  based  on  0,  5  mes  separation 

on  the  integral  and  one-half  megacycle  channels.  Assignments 
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are  made  on  a  non-interference  basis  to  established  services. 


225-260  mcs  -  A  total  of  44  (500  kcs)  channels,  are  allocated 
on  a  protected  basis  until  1  January  1970. 

A.  Efficiency  of  Spectrum  Usage  (216-260  mcs  Band): 

1.  TRANSMITTER  SYSTEMS  (FM/FM;  PDM/FM; 

PAM/FM;  and  PCM/FM) 

a.  Maximum  rf  deviation:  plus  or  minus  125  kcs. 

b.  Transmitter  Frequency  Tolerance:  The  trans¬ 
mitted  rf  carrier,  includimg  drift  and  all 
other  variables,  will  be  within  0.  01%  of  the 
assigned  carrier  frequency. 

c.  Bandwidth:  The  bandv/idth  of  the  modulated 
carrier  shall  not  exceed  500  kcs.  Carrier 
components  appearing  outside  the  500  kcs  band¬ 
width  must  meet  the  limits  for  spurious  and 
harmonic  emissions  as  stated  in  paragraph 

e,  (1)  below. 

d.  Power;  100  watts  maximum,  never  more  than 
absolutely  necessary  . 

e.  Spurious  and  Harmonic  Fmissions: 

(1)  Spurious  and  harTnonic  emissions  h’om 
the  transmitting  aiit^nna  system  are  of 
primary  importance  insofar  as  these 
criteria  are  concerned.  Spurious  and 
harmonic  o'utputs,  antenna  conducted  (i.  e.  , 
measured  in  antenna  tra.nsmjvSsion  line)  as 
well  as  antenna  radiated  (i.  e.  ,  measured 
in  free  space),  shall  be  limited  to  the 
values  derived  from  the  formula; 

db  (down  from  carrier  )  =  55  +  13  iogj^Q 
Pt,  where  Pt  is  the  measured  pow'er 
output  in  watts. 
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?■}.  6.  5  me  s 
216*  0  mes 
217.5  me  K 
218.  0  mes 
218.  5  mes 
219.0  mes 


Measurements  to  determine  relative 
levels  of  rf  povirer  shall  be  made  under 
the  following  condition: 

(a)  Transmitter  to  be  operated  into  a 
matched  shielded  dummy  load  with 
a  suitable  coupling  device  inserted 
in  the  antenna  cable  to  sample  the 
transmitter  rf  output.  As  an  alter¬ 
native,  the  actual  antenna  can  be 
substituted  for  the  dummy  load  with 
provisions  being  made  to  remove 
the  field  strength  meter  from  the 
influence  of  signals  radiated  from 
the  antenna. 

(b)  Transmitter  to  be  tested  under  con¬ 
ditions  of  zero  and  full  normal  mo¬ 
dulation. 

(c)  Commercial,  Category  Class  ''I" 
Field  Strength  Measuring  Equipment, 
as  listed  in  current  MIL-I-6^81  will 
be  used. 

(2)  Spurious,  harmonic,  and  fundamental 

signals  conducted  by  power  les,ds  or  ra¬ 
diated  directly  from  equipment  units  or 
cable  (except  antenna)  shell  be  within 
the  limits  specified  in  the  current  MIL-I- 
6181. 

f.  Flexibility  of  operation:  Shall  be  capable  of 
operating  on  any  of  the  following  freqviencies 
v/ithout  design  modification: 

223.  0  mc,s  228,  2  mes  237.  S  mes  248,  6  mes 

223.5  incs  229,  9  mes  240.  2  mes  249.  1  mes 

224,  0  mes  230.4  mes  241.5  mes  249.9  mes 

224.5  mes  230.9  mes  242.0  nics  250.  7  rncs 

231.4  mes  243.8  mes  251.5  nics 

231.9  mes  244.3  mes  252.4  rr.es 
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219.  5  mcs  232,  4  rncs  244.  8  mcs  253.  1  mcs 

220.  0  mcs  225.  0  mcs  232.  9  mcs  245.  3  mcs  253.  8  mcs 

220.  5  mcs  225,  7  mcs  234.  0  mcs  245.  8  mcs  255.  1  mcs 

221.  0  mcs  226.  2  mcs  235.  0  mcs  246.  3  mcs  256.  2  mcs 

221.  5  mcs  226.  7  mcs  235.  5  mcs  246.  8  mcs  257.  3  mcs 

222.  0  mcs  227.  2  mcs  236.  2  mcs  247.  3  mcs  258.  5  mcs 

222.  5  mcs  227.  7  mcs  237.  0  mcs  247.  8  mcs  259.  7  mcs 

NOTE:  All  telemetry  assignments  within  the  225-260  mcs  band  shall  con¬ 
form  with  the  above  assignments.  No  change  in  assignments  in  the  216- 
225  mcs  band  is  contemplated.  However,  it  should  be  kept  in  mind  that 
telemetry  assignments  in  the  216-225  mcs  band  are  on  a  non-interference 
basis  to  other  established  users. 

2.  RECEIVER  SYSTEMS  (FM/FM;  PDM/FM; 
PAM/FM;  and  PCM/FM): 

a.  Maximum  bandwidth  between  60  db  points: 

600  kcs. 

b.  Receiver  Stability;  0.  005% 

c.  Spurious  receiver  responses:  More  than 

60  db  below  fundamental  frequency  response. 

d.  Spuriou.s  emissions:  Oscillator  energy, 

either  radiated  from  the  unit  or  antenna  con¬ 
ducted,  shall  be  within  the  limits  specified 
in  current  MIL-I-6181. 

e.  Flexibility  of  Operation:  Shall  operate  on  any 
of  the  frequencies  listed  under  Para.  I.  A.  I.  f. 
v/ithout  design  modification. 

1.3  FREQUENCY  BAND  1435-1535  MCS 

Channel  spacing  of  the  1435-1535  mcs  band  should  be  on  incre¬ 
ments  of  1  mcs. 

The  1435-1535  mcs  portion  of  the  band  should  be  reserved  pri¬ 
marily  for  use  in  connection  with  aeronautical  flight  testing  of 
manned  aircraft. 
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T])c  i.486-li535  mcs  portion  of  the  band  should  be  reserved  pri¬ 
marily  for  use  in  connection  v/ith  aeronautical  flight  testing  of 
missile  and  space  vehicles. 


Efficiency  of  Spectrum  Usage 

1.  TRANSMITTER  SYSTPJMS  (1435-1535  mcs  Band) 

a.  Transmitter  frequency  tolerance:  The  trans¬ 
mitter  rf  carrier,  including  drift  and  all 
other  variables,  shall  be  within  0.  005%  of 
the  assigned  carrier  frequency. 

b.  Power:  As  dictated  by  intended  use,  never 
more  tiian  absolutely  necessary. 

c.  Spurious  and  Harmonic  Emissions:  Spurious 
and  harmonic  emissions  from  the  transmitting 
antenna  system  are  of  primary  importance  in¬ 
sofar  as  these  criteria  are  concerned.  Spur¬ 
ious  and  harmonic  outputs,  antenna  conducted 
(i.  e,  ,  measured  in  antenna  transmission  line) 
as  v/ell  as  antenna  radiated  (i.  e.  ,  measured 
in  free  space),  shall  be  limited  to  the  values 
derived  from  the  formula; 

db  (down  from  carrier)  -  55  +  10  logio  Pt,  where 
Ft  is  the  measured  power  output  in,  watts 

d.  Spurious,  harmonic,  and  fundamental  signals 
conducted  by  power  leads  or  r,adiated  directly 
from  equipment  uni.ts  or  cables  (except  antenna) 
shall  be  within  the  limits  specified  in  the  cur- 
reuL  ivIIE-I-6idl  tpeciiicatious. 

e.  Measurements  to  determine  relative  levels 

of  spurious  and  harmonic  signals  shall  be  made 
under  the  following  conditions: 

(1)  Transmitter  to  be  ope  rated  into  a  matched 
shielded  duinm-"-  lead  with  a  suitable 
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coupling  device  inserted  in  the  antenna 
cable  to  sample  the  transmitter  rf  out¬ 
put.  As  an  alternative,  the  actual  an¬ 
tenna  can  be  subsitituted  for  the  dummy 
load  with  provisions  being  made  to  re¬ 
move  the  field  strength  meter  from  the 
influence  of  signals  radiated  from  the 
antenna. 

(2)  Transmitter  to  be  tested  under  conditions 
of  zero  and  full  normal  modulation. 

(3)  Commercial,  Category  Class  "I"  Field 
Strength  Measuring  Equipment,  as  listed 
in  current  MIL-I-6181,  will  be  used. 

f.  Flexibility  of  Operation:  The  rf  transmitter 
shall  be  capable  of  operating  throughout  the 
entire  frequency  band  1435-1535  mcs  without 
design  modification. 

2.  RECEIVER  SYSTEMS  (1435-1535  mcs  band) 

a.  Receiver  Stability:  0.  001% 

b.  Spurious  receiver  responses:  More  than  60  db 
below  fundamental  frequencies. 

c.  Spurious  emissions:  Oscillator  energy  either 
radiated  from  the  unit  or  antenna  conducted 
shall  be  within  the  limits  specified  in  the  cur¬ 
rent  MIL-I-6181. 

d.  Flexibility  of  operation:  Tunable  over  the  entire 
1435-1535  mcs  band  without  design  modification 
and  with  variable  bandwidth  selection. 

3.  EANPWIDTHS 

a.  In  specifying  bandwidths,  the  transmitter  and 

receiver  shall  be  considered  as  a  system.  De¬ 
signer  should  be  required  to  adhere  to  rigid 
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engineering  design  practices  to  conserve  fre¬ 
quency  spectrum.  Each  system  should  be 
subjected  to  a  critical  review  as  to  the  amount 
of  information  contained  in  a  given  bandv/idth 
versus  type  of  modulation.  Designer  should 
be  required  to  demonstrate  and  prove  sys¬ 
tem  design  in  order  to  justify  frequency  spec¬ 
trum  usage. 

b.  As  a  general  guideline,  it  is  anticipated  that 
for  a  deviation  of  plus  or  minus  125  kcs  a 
maximum  of  1  mcs  bandwidth  as  reference  to 
the  60  db  points  will  be  permitted.  For  a  wide 
band  system  with  a  deviation  of  plus  or  minus 
1.  4  mcs,  a  maximum  of  10  mcs  as  reference 
to  the  60  db  points  will  be  permitted.  Also, 
for  PCM  systems  signal  bandwidth  in  cps  at 
3  db  points  can  be  roughly  calculated  by  1.  5 
times  the  bit  rate  and  the  bandwidth  in  cps 
at  the  60  db  points  can  be  calculated  by  3.  6 
times  the  bit  rate.  It  is  anticipated  the  maxi¬ 
mum  bit  rate  will  be  1  x  10^  per  second  and 
the  minimum  bit  rate  will  be  50  x  10^  per  second. 
Bandwidth  for  telemetry  systems  in  excess  of 
10  mcs  as  referenced  to  the  60  db  points  shall 
not  be  \jsed.  Bandwidth  requirements  for  trans¬ 
mission  of  video  (television)  shall  be  considered 
on  a  case-to-case  basis.  For  further  informa¬ 
tion,  refer  to  IRIG  Telemetry  Standards. 

FREQUENCY  BAND  2200-2300  MCS 


spacing  of  the  2200-2300  mcs  band  shall  be  on  increments 


A.  Efficiency  of  Spectrum  Usage 


1.  TRANSMITTER  SYSTEMS  (2200-2300  mcs) 


a.  Transmitter  Frequency  Tolerance:  The  trans¬ 
mitted  rf  carrier,  including  drift  and  all  other 
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variables,  shall  be  within  0.  005%  of  the 
assigned  carrier  frequency. 

b.  Power;  As  dictated  by  intended  use,  never 
mors  than  absolutely  necessary. 

c.  Spurious  and  Harmonic  Emissions:  Spurious 
and  harmonic  emissions  from  the  transmitting 
antenna  system  are  of  primary  importance 
insofar  as  these  criteria  are  concerned.  Spur¬ 
ious  and  harmonic  outputs,  antenna  conducted 
(i.  e.  ,  measured  in  antenna  transmission  line) 
as  well  as  antenna  radiated  (i.  e.  ,  measured  in 
free  space),  shall  be  limited  to  the  values  de¬ 
rived  from  the  formula: 

db  (down  from  carrier)  =55  +  10  logiQ 
where  Pt  is  the  measured  power  output  in  watts 

d.  Spurious,  harmonic,  and  fundamental  signals 
conducted  bypower  leads  or  radiated  directly 
from  equipment  units  or  cable  (except  antenna) 
shall  be  within  the  limits  specified  in  the  current 
MIL-I-6181  specifications. 

e.  Measurements  to  determine  relative  levels  of 
spurious  and  harmonic  signals  shall  be  made 
under  the  follov/ing  conditions; 

(1)  Transmitter  to  be  operated  into  a  matched 

shielded  dummy  load  with  a  suitable  coupling 
device  inserted  in  the  antenna  cable  to  sam¬ 
ple  the  transmitter  rf  output.  As  an  alter¬ 
native,  tlie  actual  antenna  can  be  substituted 
for  the  dummy  load  with  provisions  being 
made  to  remove  the  field  strength  meter 
from  the  influence  of  signals  radiated  from 
the  antenna. 

(Z)  Transmitter  to  be  tested  under  conditions  of 
zero  and  full  normal  modiilation. 
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Commercial,  Category  Class  "I"  Field 
Strength  Measuring  Equipment,  as 
listed  in  current  MIL-I~6181,  will  be 
used. 

f.  Flexibility  of  Operation;  The  rf  transmitter 
shall  be  capable  of  operating  throughout  the 
entire  frequency  band  2200-2300  mcs  without 
design  modification. 

2.  RECEIVER  SYSTEMS  (2200-2300  mcs) 

a.  Receiver  Stability:  0.  001% 

b.  Spurious  receiver  response:  More  than  60  db 
below  fundmental  frequencies. 

c.  Spurious  emissions;  Oscillator  energy  either 
radiated  from  the  unit  or  antenna  conducted 
shall  be  within  the  limits  specified  in  the  current 
MIL-I-6181. 

d.  Flexibility  of  Operation:  Tunable  over  the.  entire 
2200-2300  mcs  band  without  design  modification 
and  with  variable  bandwidth  selection. 

3.  BANDWIDTHS 

a.  In  specifying  bandwidths,  the  transmitter  and  re¬ 
ceiver  shall  be  considered  as  a  system.  Designer 
should  be  required  to  adhere  to  rigid  engineering 
design  practices  to  conserve  frequency  spectrum. 
Each  system  should  be  subjected  to  a  critical  re¬ 
view  as  to  the  amount  of  information  contained 
in  a  given  bandwidth  versus  type  of  modulation. 
Designer  should  be  required  to  demon»l_'ate  and 
prove  system  design  in  order  to  justify  frequency 
spectrum  usage. 
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As  a  general  guideline,  it  is  anticipated  that 
for  a  deviation  of  plus  or  minus  1<?5  kcs,  a 
maximum  for  1  mcs  bandwidth  as  reference 
to  the  60  db  points  will  be  permitted.  For  a 
wide  band  system  with  a  deviation  of  ±1.4  mcs 
a  maximum  of  10  mcs  as  referenced  to  the 
60  db  points  will  be  permitted.  Also,  for  PCM 
systems,  signal  bandwidth  in  cps  at  3  db  points 
can  be  roughly  calculated  by  1.  5  times  the  bit 
rate  and  the  bandwidth  in  cps  at  the  60  db  points 
can  be  calculated  by  3.  6  times  the  bit  rate.  It 
is  anticipated  the  maximum  bit  rate  will  be 
lx  10^  per  second  and  the  minimum  bit  rate 
will  be  50  x  10^  per  second.  Bandwidth  in 
excess  of  10  mcs  for  telemetry  systems  as 
reference  to  the  60  db  points  shall  not  be  used. 
Bandwidth  requirements  for  transmission  of 
video  (television)  shall  be  considered  on  a 
case-to-case  basis.  For  further  information 
refer  to  the  IRIG  Telemetry  Standards, 
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PART  n 


FM/FM  or  FM/PM  STANDARDS 

2.  1  GENERAL 

These  telemetry  systems  are  of  the  frequency  division 
multiplex  type.  That  is,  a  radio  frequency  carrier  is  modulated  by  a 
group  of  subcarriers,  each  of  a  different  frequency.  The  subcarriers 
are  freqiiency  modulated  in  a  manner  determined  by  the  intelligence  to 
be  transmitted.  One  or  more  of  the  subcarriers  may  be  modulated  by 
a  time  division  multiplex  scheme  (commutation)  in  order  to  increase 
considerable  the  number  of  individual  data  channels  available  in  the 
system.  The  modulation  of  the  radio  frequency  carrier  may  be  by  either 
of  two  methods;  frequency  modulation  or  phase  modulation, 

2.  2  SUB -CARRIER  BANDS 

Eighteen  standard  sub-carrier  band  center  frequencies 
with  accompanying  information  on  frequency  deviation  and  nominal  in¬ 
telligence  frequency  response  are  specified  in  Table  I-l .  It  is  intended 
that  the  standard  FM/FM  receiving  stations  at  the  test  ranges  be  cap¬ 
able  of  simultaneously  demodulating  a  minimum  of  any  twelve  of  these 
sub-carrier  signals. 

The  nominal  frequency  response  listed  for  each  band 
is  computed  on  a  basis  of  maximum  deviation  and  a  deviation  ratio  of 
five,  and  it  is  intended  that  the  standard  receiving  station  be  capable  of 
demodulating  data  with  these  frequency  responses.  However,  it  should 
be  remembered  that  the  actual  frequency  response  obtainable  is  depen¬ 
dent  on  many  things,  such  as  the  actual  deviation  used,  the  character¬ 
istics  of  filters,  etc.  The  primary  reason  for  specifying  a  frequency 
response  is  to  insure  that  elements  in  the  receiving  station  such  as 
filters  and  recording  oscillographs  provide  the  frequency  responses 
shown  in  Table  I-l. 

2.  2,  1  While  deviation  ratios  of  five  are  recommended,  devia¬ 

tion  ratios  as  low  as  one  or  less  may  be  used,  but  low  signal-to-noi se 
ratios,  possible  increased  harm.onic  distortion  and  cross-talk  must  be 
expected. 
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2,  2.  2  The  eighteen  bands  were  chosen  to  make  the  best  use 

of  present  equipment  and  the  frequency  spectrum.  There  is  a.  ratio  of 
approximately  1.  3  ;  1  between  center  frequencies  of  adjacent  bands  ex¬ 
cept  between  14.  5  kilocycles  and  22  kilocycles,  where  a  larger  gap  was 
left  to  provide  for  compensation  tone  for  magnetic  tape  recording.  The 
deviation  has  been  kept  at  ±7.  5%  for  all  bands  with  the  option  of  ±15% 
deviation  on  the  five  higher  bands  to  provide  for  transmission  of  higher 
frequency  data.  When  this  option  is  exercised  on  any  of  these  five  bands, 
certain  adjacent  bands  cannot  be  used,  as  listed  in  the  footnote  to  Table  I- 1 . 

2.  2.  3  It  is  likely  that  certain  applications  will  make  amplitude 

pre -emphasis  of  some  subcarrier  signals  desirable,  and  it  is  recommend¬ 
ed  that  the  ground  equipment  be  capable  of  accommodating  this  pre¬ 
emphasized  signal.  A  de -emphasis  capability  of  up  to  9  db  per  octave  may 
be  required. 

2.  3  AUTOMATIC  CORRECTION  OF  SUBCARRIER  ZERO  AND  SENSITIVITY 
DRIFT 

2.  3,  1  General 

In  some  cases,  it  is  found  necessary  to  automatically  cor¬ 
rect  for  subcarrier  zero  and  sensitivity  drift  during  the  course  of  a  test. 

To  provide  for  such  corrections  calibration  signals  are  applied  to  the  sub¬ 
carrier  oscillators  which  must  have  such  correction  by  an  in-flight  cali¬ 
brator.  In  addition,  a  signal  is  required  to  arm  and  actuate  the  automatic 
correction  eq\iipment  in  the  receiving  or  data  playback  station.  Automatic 
correction  command  and  calibration  signals,  when  employed,  shall  conform 
to  the  following  standards: 

2.  3.  2  Automatic  Correction  Command 

A  standard  IRIG  subcarrier  band  multiplexed  with  the 
data  subcarriers  shall  be  employed  to  transmit  the  correctf^:^  commands. 
Modulation  of  the  command  subcarrier  shall  be  as  follows: 

2.  3.  2.  1  Command  Sequence 

The  command  sequence  shall  be:  "data,  "  "correct  for  zero 
drift,  "  "correct  for  sensitivity  drift,  "  "data.  " 
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Table  I- 1  Sub-Carrier  Bands 


Band 

Center 

Freq.  (cps) 

Lower 
fjimit  (cps) 

Tipper 

Limit  (cps) 

Max.  Devia¬ 
tion  (percent) 

Freq.  R.c> 
sponsc  (cps) 

1 

400 

370 

430 

±7.  5 

6,  0 

'^1 

560 

513 

602 

1 1 

8.  4 

is 

730 

675 

785 

1 1 

11. 

4 

960 

888 

1. 032 

I  i 

14. 

5 

O 

O 

1.  202 

1 ,  399 

1  t 

20. 

6 

1 

700 

1,  37  2. 

1,  828 

n 

25. 

1  ^ 

Z,  300 

2,  127 

2.  ^>■73 

1 ' 

35. 

R 

v.> 

3,  000 

2,  775 

3,  225 

n 

45 

9 

3,  900 

3,  607 

4,  193 

1 1 

59. 

10 

5,  400 

4,  999 

5,  805 

1 1 

81. 

11 

7,  350 

6,  799 

7,  901 

1 1 

110. 

1 

12 

10,  500 

9,  712 

1.1,  288 

I  ( 

160. 

13 

14,  500 

15,  412 

15,  538 

1 1 

220 

14 

27.  000 

2C, 350 

23,  650 

1 1 

3  30 

1  5 

30, 000 

27, 750 

32, 250 

1 1 

450 

16 

40, 000 

37, 000 

43,  000 

1  T 

600 

17 

52. 500 

48, 562 

56,  438 

'1 

790 

18 

70, 000 

64,  750 

75,  250 

1 1 

1,  050 

(continued) 

*  Frequency  respon  •  ■  given  is  based  on  maximum  deviation  and 
deviation  ratio  of  ::ive  (See  text  for  discussion). 
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Tabic  I-l  Sub-Carricr  Bands  (continuation) 


Band 

Center 

Freq.  (cps) 

Lower 

Limit  (cps) 

Upper 

Limit  (ops) 

Max.  Devia¬ 
tion  (percent) 

Freq. 

sponse 

A- 

22, 000 

18,  700 

25,  300 

±15. 

660. 

B. 

30, 000 

25, 500 

34,  500 

1  1 

900. 

C. 

40, 000 

34.  OOC 

46,  000 

t  1 

1,  200. 

D. 

52, 500 

44, 625 

60, 375 

1  1 

1,  600 

E. 

70, 000 

59, 500 

80, 500 

1  1 

2,  100 

*^=Band3  A  throuf,}i  E  are  optional  and  may  be  used  by  omitting 
adjacent  bands  as  I'ollows: 


Band  Used 


Omit  Bands 


j± 

13, 

1  5  and  B 

B 

14, 

16,  A  and  C 

C 

15, 

17,  B  and  D 

D 

16, 

18,  C  a;id  E 

1 7  and  D 


NOTE: 


In  the  process  of  magnetic  tape  recording  of  the  above  listed  subearriers 
at  a  receiving  station,  provision  may  also  be  made  to  record  a  tape  speed  control 
tone  and  tape  speed  error  compensation  signals  as  specified  in  part  (b)  of  these 
standards. 
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2.  3.  2.  2 


Command  Sobrarrier  Modn.l a^icn 


2.  3.  2.  2.  1  The  "data  command  is  indicated  by  the  command  sub- 

cai'rier  operating  at  ity  nominal,  center  tVequency  ±0.  7t-%  o.f 

2.  3.  2,  2.  2.  The  "correct  for  zero  drift"  command  ig  indicated  by 

a  displacement  of  the  command  subcaiTier  upwa.rd  in  frequency  to  fc 
plus  (6a  75%  f  :fc0.  75%  This  command  shall  occupy  50%  of  the  total 

calibration  tinne  interval. 

2.  3.  2.  2.  3  The  "correct  fer  sensitivity  drift"  command  is  indi¬ 

cated  by  a  displacement  of  the  command  subcar riev  downward  in  fre¬ 
quency  to  minus  (6,  75%  f^±0.  T57</  f^^)-  TMs  command  sha.ll  occupy 
50%  of  the  total  calibration  time  interval. 

2.  3.  3  Data  Sub  carrier  Calibration 

2.  3.  3,  1  Calibration  Sequence 

The  calibration  sequence  shall  be;  "data,  "  "center 
xlequeiicvi  "  ''S0%  o.f  full  scale,"  "data." 

2.  3,  3.  2  Subcarrier  Modulation  (Ref.  Fig.  1-1) 

2.  3.  3.  2.  1  The  "data"  position  is  the  subcarrier  connected  to  its 

normEil  data  source  (transdvicer,  commutator,  etc,  ). 

Z,  3,  3,  2.  2  The  "center  frequency"  positioTv  is  the  subcarrier  con¬ 

nected  to  a  signal  source  v/hich  would  result  in  the  nominal  subcarrier 
center  frequency  i-f  no  zero  oi'  sensitivity  drift  has  occurred.  The  sub- 
cai'J.'ier  shall  remain  at  this  position  for  5U%  of  the  calibration  interval. 

2-  3.  3.  2.  3  The  "80%  of  full  scale"  position  is  the  subcarrier  con¬ 

nected  to  a  signal  source  which  would  result  in  a  frequency  f  ±30%  of 
full  scale  bandwidth  if  no  zero  or  sensitivity  drift  had  occurred.  The 
subcarrier  shall  remain  at  this  position  for  50%  of  the  calibration  inter¬ 
val. 

2.  3,  3.  3  Phasing  of  Calibration  Signal 

The  data,  subcarrier  calibration  signals  shall  lag  the 
comn»and  signals  by  200  milliaeconds  (Ref.  Fig.  I-l) 
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t  =  200  MILLISECONDS,  +50,  -0  ms 
T  ^  5  SECONDS  FOR  ±  10%  CORRECTIONS  PER 

CALIBRATE  CYCLE 


Fig.  I“]  Automat-ic  Zero  and  SensisHvity  Drift  Calibration  Command  and 
Data  Channel  Signals 
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2.  3.  4 


Correction  Capability 


Automatic  correction  equipment  shall  be  capable  of  cor¬ 
recting  zero  and  sensitivity  drift  errors  of  up  to  ±10%  of  full  scale  sub¬ 
carrier  bandwidth  per  calibrate  cycle. 

2.  3.  4.  1  Calibration  Duration 

For  maximum  (±10%)  zero  and  sensitivity  drift  correc¬ 
tion,  the  calibrate  interval  shall  be  5  seconds.  Where  maximum  corrections 
per  calibrate  cycle  are  not  required,  the  calibration  interval  may  be  cor¬ 
respondingly  reduced. 

2.4  PAM/ FM/FM  COMMUTATION 

Commutation  (time  division  multiplexing)  ms.y  be  used  in 
one  or  more  subcarrier  bands.  A  nearly  limitless  variety  of  coinniutation 
schemes  could  be  devised,  but  a  few  relatively  simple  rrethods  will  satisfy 
most  telemetry  needs.  The  specifications  listed  beiov/  for  commutation 
were  chosen  to  give  a  nictximum  flexibility  consistent  with  presently  avai.iab'  e 
equipment  and  techniques,  and  it  is  intended  that,  in  order  to  limit  the 
varieties  which  must  be  handled  at  test  ranj  es,  the  following  restrictions  on 
commutation  be  observed; 

2.  4.  1  Commutation  rates  as  listed  in  Table  1-2  shall  not  be  exceed¬ 

ed  on  each  subcarrier. 

2.  4.  2  Recommended  Sample  Rates 

Recommended  commutation  rates  listed  in  Table  T  2  require 
the  use  of  discriminator  output  low  pass  futers  with  cut  off  frequencies 
equal  to  four  times  the  specified  commutation  rate. 

2.  4.  3  Separated  Data 

Where  required,  automatic  channel  separation  (decomnruta- 
tioa)  equipment  shall  be  provided  in  the  receiving  station  to  process  commu¬ 
tated  signals  that  conform  to  the  following  characteristics;  (See  Fig.  I~  2  and 
Table  1-3). 
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Table  I- 2 v  Commutation  Rates  >-  Unseparated  Data 


Band 

Number 


Center 

Frequency 

(cps) 


Sample  Duration 
(milliseconds) 
Recommended 
Values 


Commutation  Rate 
(samples  per  second) 
Recommended 
Values 


1 

400 

170 

6.  0 

2 

560 

120 

8.  4 

730 

91 

11 

4 

960 

70 

14 

5 

1,  300 

51 

20 

6 

1.  700 

39 

25 

V 

2.  300 

29 

3  b 

8 

3,  000 

22 

4b 

9 

3,  900 

17 

59 

10 

5,  40C 

12 

81 

■f 

9 

7,  350 

9.  1 

no 

]2 

10,  500 

6.  4 

160 

13 

14.  500 

4.  6 

220 

14 

22,  000 

3.  0 

330 

lb 

30, 000 

2.  2 

450 

16 

40, 000 

1.  7 

600 

17 

52,  500 

1.  3 

790 

18 

70, 000 

0.  95 

1,  050 
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(continued) 


Table  1-2'  C'^mrn’itaiion  Rates  -  Unseparated  Data  (continuation) 


Band 

Nurnbe  r 

Center 

F req  aer  cy 
Icps) 

Sr.mple  Duration 
(n villi  seconds) 

Rc  comm  ended 
Values 

Commutation  Rate 
(samples  per  second) 
Recommended 

Value  s 

A 

2.',,  OGO 

1.  5 

660 

B 

30, 000 

i  i 

900 

C 

40:  000 

0.  83 

1,  200 

D 

52,  500 

0.  63 

1,  600 

E 

70, OOC 

0.  48 

2,  100 

WADD  TR  61-67 
VOL  I  REV  1 


I 


25 


MAXIMUM 

DEVIATION 


r 


-  FRAME 
SYNC  PULSE 


MAXIMUM 

SIGNAL 


~  =  DUTY  CYCLE 


Fig.  1-2  PAM  Pulse  Train  Wavefoim 
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2.  4.  3,  1  The  total  number  of  samples  per  frame  (number  of  segments 

of  a  mechanical  commutator)  and  the  frame  rates  shall  be  one  of  the  combi¬ 
nation  shovm  in  Table  1-3.  If  a  higher  commutation  rate  is  required  for 
certain  information,  two  or  more  samples  per  frame  (equally  spaced  in  time) 
can  be  used  to  represent  one  telemetered  function  at  the  expense  of  the  total 
number  of  information  channels.  This  process  is  referred  to  as  cross¬ 
strapping  or  super-commutation. 

2.  4.  3.  2  The  commutation  pattern  in  the  subcarrier  frequency  versus 

time  domain,  shall  be  as  shown  in  Figure  1-2. 

2.  4.  3.  3  A  frame  synchronizing  pulse  of  full  scale  amplitude  and  dura¬ 

tion  equal  to  two  "on"  periods  plus  one  "off"  period  shall  be  provided  once 
every  frame,  as  shown  in  Fig.  1-2, 

2.  4.  3.  4  The  commutator  speed  (or  frame  rate)  shall  not  vary  more 

than  plus  5.  0%  to  -15%  from  the  nominal  values  given  in  Table  1-3. 

2.  4.  3.  5  The  duty  cycle  shall  be  40%  to  65%. 

2.  4.  3.  6  A  channel  synchronization  pedestal  is  required  for  automatic 

decommutation  (See  Fig.  1-2). 

2.  5  In  Flight  Zero  and  Full  Scale  Calibration 

On  all  PAM  commutators,  channels  one  and  two,  following 
the  synchronizing  pulse  are  recommended  for  zero  and  full  scale  calibration 
respectively. 
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No.  of 
Samples 

Frame 

Frame  Rate 
Frames 
(per 
second) 

Commutation 
Rate’*'* 
(samples 
per  second) 

Lowest 

Recommended 
Subcarrier  bands 
(cps) 

18 

5 

90 

14.  500 

18 

10 

180 

22,  000(±  15%)  or 
30,  000(±7.  5%) 

18 

25 

450 

30,  000(±  or 

70,  000(±7.  5%) 

30 

2.  5 

75 

10,500 

30 

5 

150 

22,  000(±7.  5%) 

30 

10 

300 

22,  000(±  15%)  or 
40,  0C0(±7.  5%) 

30 

20 

600 

40,  000{±  15%) 

30 

30 

900 

70,  000(±  15%) 

’f^The  number  of  samples  per  frame  available  to  carry  information 
is  two  less  than  the  number  indicated,  because  the  equivalent  of 
two  samples  is  used  in  generating  the  frame  synchronizing  pulse, 

**  Frame  rate  times  number  of  samples  per  frame. 
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PART  III 


PDM/FM  or  PDM/PM  or  PDM/FM/FM  STANDARD 

3.  1  General 

The  pulse  duration  modulation  (PDM)  systems  are  intended 
for  use  where  a  strictly  time  division  multiplex  system  can  meet  the  bulk 
of  the  telemetry  requirements  of  a  given  application.  A  relatively  large 
number  of  information  channels  can  be  accommodated,  but  a  relatively  low 
frequency  response  capability  in  comparison  with  the  subcarrier  channels 
of  the  FM/FM  system. 

3.  2  PDM/FM  or  PDM/PM 


The  following  are  the  specifications  for  the  pulse  duration 
modulated  signal: 


Number  of  samples  per  frame"' 

30 

45 

60 

90 

Frame  Rate  (frames /sec.  ) 

30 

20 

15 

10 

Commutation  rate  (samples/sec.  )' 

900 

900 

900 

900 

The  amplitude  of  the  measurands  being  transmitted  in  each 
channel  shall  determine  the  duration  of  the  corresponding  pulses.  The  re¬ 
lation  between  measurands  and  pulse  duration  should,  in  general,  be  linear. 

Minimum  pulse  duration  (zero 

level  information):  90  ±  30  microseconds 

Maximum  pulse  duration  (maximum 

level  infonnation):  700  ±  50  microseconds 

Pulse  rise  and  decay  time  (mea¬ 
sured  between  10%  and  90%  levels):  10  to  20  niicroseconds  (constant 

to  ±  1  microseconds  for  a  given 
transmitting  set). 

The  number  of  samples  per  frame  available  to  carry  information  is  two 
less  than  the  number  indicated  because  the  equivalent  of  tw'o  samples  is 
used  in  generating  the  frame  synchronizing  piilse. 
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Commutation  rate  is  equal  to  the  frame  rate  multiplied  by  the 
number  of  samples  per  frame. 

3.  2.  1  The  time  interval  between  the  leading  edges  of  suc¬ 

cessive  pulses  within  a  frame  sha.ll  be  uniform  from  interval  to 
interval  within  plus  or  minus  25  microseconds.  This  time  interval 
shall  have  a  i  iminal  period  equal  to  one  divided  by  the  total  sampling 
rate. 

3.  2.  2  The  commutator  speed  or  frame  rate  shall  not  vary 

more  than  plus  5.  0%  to  -15.  0%  from  nominal. 

A  frame  synchronizing  interval  equal  to  two  succes¬ 
sive  pulse  time  intervals  shall  exist  in  the  train  of  pulses  transmitted, 
to  be  used  for  synchronization  of  the  commutator  and  the  decommuta¬ 
tor.  A  representation  of  the  pulse  train  waveform  is  shown  in  Fig.  3. 


PULSE  DURATION  (VARIABLE) 


-  FRAME  — 
SYNC. 
INTERVAL 


T? 


i 


TIME 


R  =  COMMUTATION  RATE 


Fig.  1-3  RDM  Pulse  Train  Waveform 


3.3  PDM/FM/FM 


Pulse  duration  modulation  (DPM)  systems  may  also  be 
employed  on  the  15%  deviation  channels  of  the  standard  FM/FM  multipl 
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systems.  When  so  used,  they  are  designated  as  PDM/FM/P’M  Telemetry. 
It  should  be  recognized  that  this  application  of  PDM  is  wasteful  of  band¬ 
width  and  that  it  places  three  wide  band  modulation  systems  in  cascade. 
Gaussian  type  output  low  pass  filters  should  be  used  at  the  discriminator 
outputs  for  this  application, 

3.  3.  1  The  recommended  subcarrier  channels  for  this  application 

are  bands  B,  C,  D.  or  E.  Operating  criteria  for  use  of  these  specific  bands 
are  specified  in  Table  1-4. 


Table  I"‘4.  PDM  Modulation  of  FM/ FM  Sub-Carrier  Channels 


Samples 

Per  Second 

Channel 

Allocation 

FM/  FM 
Channel 

Deviation 

Utilized 

Recommended 

Value  of  Min. 

Pulse  Length 

900 

B 

30.  0  kcps 

±7.  6% 

200  +30  microsec¬ 
onds  minus  none 

900 

C 

40.  0  kcps 

±7.  6% 

170  +30  microsec¬ 
onds  minus  none 

900 

D 

52, 5  kcps 

±7.  5% 

150  +30  microsec¬ 
onds  minus  none 

900 

E 

70.  0  kcps 

±7.  5% 

110  +  30  microsec¬ 
onds  minus  none 

Satisfactory  performance  is  contingent  upon  use  of  cptimuir 
output  low  pass  filters. 


Reference: 


"The  Transmission  of  Pulse  Width  Modulated  Signals  Over 
Restricted  Bandwidth  Systems.  " 


IRE  Transactions  on  Telemetry  and  Remote  Control. 


Volume  TRC-3,  No.  1,  April  1957. 


3.  3.  2  Time  interval  variation  between  leading  edges  of  successive 

pulses.  Section  3.  2.  1  shall  apply- 
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3.  3.  3 


Commutation  Speed 


Section  3.  Z.  Z  shall  apply- 

3.  4  In-Flight  Zero  and  Full  Scale  Calibration 

On  all  PDM  Commutators,  channels  one  and  two,  following 
the  synchronizing  pulse,  are  recommended  for  zero  and  full  scale  calibra¬ 
tion  respectively. 
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PART  V 


PCM  STANDARDS 


5.  1  GENERAL 

Piilse  code  moriiuation  (PCM)  data  specified  in  these 
standards  shall  be  transmitted  as  serial  binary  coded,  time  division 
multiplexed  samples- 


5.  2  BIT  RATE  VERSUS  RECEIVER  INTERMEDIATE  FREQUENCY  (IF) 
BANDWIDTH  (3  db  points) 

Selections  of  bit  rates  and  corresponding  receiver  IF 
bandwidth  shall  be  made  from  those  listed  in  Table  1-5  below.  Only 
those  discrete  receiver  IF  bandwidths  listed  shall  be  used  (optional 
below  12,  500  cps).  The  selections  in  Table  1-5  have  been  chosen  with 
the  consideration  that  automatic  tracking  of  radio  frequency  (rf)  car¬ 
rier  drift  or  shift  will  be  utilized  in  the  receiver. 


‘j'V 


. .  -  - . 

V. 


Table  1-5  Bit  Rate  and  Receiver  IF  Bandwidth  (3  db  points) 


■ — — - - 

System  Type 

Bit  Rate 

(bits  per  second) 

Receiver  IF 

Bandwidth  (cps) 

A 

8,  000  and  lower 

12,  500  (and  as  required 

for  lower  bit  rates) 

B 

C.  000  to  65,  000 

25,  000  -  50.  000  -  100,  000 

C 

50,  000  to  330,  000 

100,  000  -  300,  000  -  500,  000 

D 

320,  000  to  800,  000 

500,  000  -  1,  000,  000*  - 
1,  500,  000* 

*  For  use  in  1435-1535  mcs  and  2200-2300  mcs  telemetry  frequency 
bands  only. 
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5.  2.  1  It  is  recommended  that  for  practical  design  considerations, 

a  bit  rate  equal  to  the  receiver  IF  bandwidth  (3  db  points)  divided  by  a 
factor  ranging  from  1.  5  to  3.  0  be  used.  The  bandwidth  -  bit  rate  rela¬ 
tionships  in  Table  1-5  were  selected  on  this  basis. 

5.  2.  2  For  reference  purposes,  a  receiver  IF  signal-to-noise 

ratio  (power)  of  approximately  15  db  will  result  in  a  bit  error  probabil¬ 
ity  of  about  one  bit  in  10^.  A  two  db  change  (increase  or  decrease)  in 
this  signal'-to-noise  ratio  will  result  in  an  order  of  magnitude  change 
(10^  or  10^,  respectively)  in  the  bit  error  probability. 

5.  2.  3  It  should  he  recognized  that  the  range  of  factors  1.  5  to 

3.  0  recommended  in  paragraph  5.  2.  1  may  result  in  a  compatibility  pro¬ 
blem  when  using  current  frequency  modulation  (FM)  receivers  for  stan¬ 
dard  IRIG  FM/FM  and  PDM/FM  systems  as  well  as  PCM/FM  systems 
designed  in  accordance  with  the  standard  herein.  Modifications  may  be 
required  to  video  amplifier  stages  and  other  circuitry  as  necessary. 

5.  3  BIT  RATE  STABILITY 

The  change  in  bit  rate  shall  not  exceed  1.  0%  of  the  nomi¬ 
nal  bit  rate.  It  is  recommended  that  rate  of  change  of  bit  rate  not  exceed 
0.  1%  of  the  nominal  bit  rate  per  second.  (The  above  values  are  tentative 
and  subject  to  change). 

5.  4  WORD  AND  FRAME  STRUCTURE 

The  number  of  bits  per  frame  shall  not  exceed  2048  in¬ 
cluding  those  used  for  frame  synchronization.  The  freune  length  selected 
for  a  particular  mission  shall  be  kept  constant.  Word  length  for  any  given 
channel  can  range  from  6  to  64  bits  but  shall  be  kept  constant  for  any 
given  channel  for  a  particular  mission.  It  is  recommended  that  an  odd 
parity  bit  be  included  where  a  higher  order  of  confidence  in  bit  transmission 
is  desired, 

5.  5  SYNCHRONIZATION 

Frames  shall  be  identified  by  a  unique  frame  synchroni¬ 
zation  word-  The  length  of  word  should  be  proportional  to  the  length  of 
the  frame,  since  longer  frames  require  longer  synchronization  patterns 
in  order  to  provide  adequate  probability  of  acquisition.  It  is  recommended. 
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that  a  repeated  1 1 -bit  Barker  code  word  be  utilized  with  minimum  length. 
11-bit  plus  {complement  11-bit),  and  maximum  length  11-bit  plus  (com¬ 
plement  11-bit)  plus  (complement  11-1  it).  Patterns  less  than  maximum 
length  may  be  formed  by  progressively  deleting  the  latter  bits  of  the 
second  complement  11-bit  word.  The  11-bit  Barker  code  is  11100010010 
and  its  complement  is  OOOlllOllOl- 

5.  5.  2  To  facilitate  rapid  bit  synchronization,  it  is  recommended 

that,  for  a  Non-Return-to-Zero  (NRZ)  code,  a  change  in  state  occur  at 
least  once  every  64  bits.  Such  change  in  state  may  be  provided  by  odd 
parity,  fixed  programming,  the  guarantee  rhat  all  data  will  not  simul¬ 
taneously  go  to  zero  or  full-scale,  etc. 

5.  6  SUPER-COMMUTATION  AND  SUBCOMMUT ATION 

5.  6.  1  Super-commutation  and  subcommutation  are  acceptable 

methods  for  exchanging  the  number  of  r>>£asurands  and  sampling  rate.  A 
selected  coded  word  shall  be  used  to  iivdicate  the  beginning  of  the  sub¬ 
commutator  sequence.  It  is  recorx'!mcndcd  that  a  repeated  7 -bit  Barker 
code  word  be  utilized  with  minimuMa  ien;,th  7-bit  plus  (complement  7-bit) 
and  maximum  length  7-bit  plus  (comp] e'.nent  7-bit)  plus  (complement 
7-bit).  Patterns  less  than  maximum  length  may  be  formed  by  progress¬ 
ively  deleting  the  latter  bits  of  the  second  complement  7-bit  word.  The 
7-bit  Barker  code  is  liiOOiO  and  its  complement  is  0001  iOi, 

5.  6,  2  The  number  of  bits  per  subcommutation  frame  shall  not 

exceed  2048  including  those  used  for  subcommutation  frame  synchroni¬ 
zation.  The  number  of  channels  in  a  subcommutation  frame  shall  not 
exceed  130  including  that  used  for  subcommutation  frame  synchronization. 

5.7  PRE-MODULATION  FILTERING 

A  low  pass  filter  with  cutoff  frequency  (3  db)  equal  to 
one-half  the  nominal  bit  rate  shall  be  used  before  the  transmitter  mo¬ 
dulator.  The  use  of  a  maximally  linear  phase  response  type  filter  with 
a  final  slope  of  36  db  per  octave  is  recommended. 

5.  8  RF  CARRIER  MODULATION 

5.  8.  1  The  rf  carrier  modulation  method  shall  be  frequency  mo¬ 

dulation  (FM).  Since  frequency-shift -keying  (FSK),  where  modulation 
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is  accomplished  by  switching  from  one  discrete  frequency  to  another, 
is  not  compatible  with  pre -modulation  filtering,  it  is  not  acceptable. 
Other  modulation  methods  applicable  to  PCM  (NRZ)  transmission 
have  not  been  proven  and  therefore  are  not  included  at  this  time. 

5.  8.  2  Frequency  modulation  of  the  carrier  shall  be  of  the 

type  where: 


The  carrier  is  deviated  to  the  higher  frequency  devia¬ 
tion  limit  to  transmit  a  "one"  and  to  the  lower  frequency  deviation 
limit  to  transmit  a  "zero.  "  Once  a  frequency  deviation  limit  is 
reached  for  either  a  "one"  or  a  "zero,  "  the  resulting  frequency  re¬ 
mains  constant  for  consecutive  like  bits. 
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ABSOLUTE  SYSTEM  OF  UNITS 


A  system  of  units  in  which  a  sma?l  number  of  units  are  chosen  as 
fundamental  and  all  other  units  are  derived  from  them. 

ACCELERATION 

The  time  rate  of  change  in  velocity  and/or  direction. 

ACCELERATION  SENSITIVITY 

The  difference  between  the  output  at  zero  accc deration  and  the  output 
measured  at  a  given  steady  state  acceleration.  Usually  expressed  in 
per  cent  of  full-scale  output  per  "g.  ”  May  be  expressed  as  output 
difference  under  acceleration  at  zero  stimulus  or  at  some  other  value 
of  the  stimulus. 

ACCELEROMETER 

A  transducer  which  measures  one  or  more  components  of  acceleration. 
ACCURACY 

Freedom  from  mistakes  or  errors.  A  measure  of  conformity  to  a 
specified  value. 

ACTIVE  LEG 

An  electrical  element  within  a  transducer  which  changes  its  electrical 
characteristics  as  a  function  of  the  application  of  stimulus. 

ALTITUDE 

The  perpendicular  distance  from  a  reference  line  or  level  to  an  object 
or  point  in  space. 

ANALOG  OUTPUT 

Transducer  output  in  which  the  amplitude  is  continuously  proportional 
to  the  stimulus,  the  proportionality  being  limited  by  the  resolution  of 
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the  transducer.  Distinguished  from  digital  output. 

ANGULAR  VELOCITY 

The  time  rate  of  change  of  angular  displacement  expressed  in 
radians  per  second  and  generally  designated  by  the  Greek  letter 
omega  ( a)  ). 

ARMATURE 

The  member,  in  certain  transducers,  which  is  displaced  by  the 
collected  forces  in  the  force-summing  element  and  which  in  turn 
changes  the  characteristics  of  the  electrical  elements  as  a  func¬ 
tion  of  the  applied  stimulus.  Also  the  component  which  completes 
the  magnetic  path  in  "E"  core  inductive  coils. 

ATTENUATION 

The  relationship,  in  complex  notation,  between  the  input  stimulus 
and  the  output  response  of  a  system  or  device.  Attenuation  gen¬ 
erally  implies  amplitude  and  power  reduction  and  corresponding 
phase  change  of  a  stimulus  or  signal  between  two  points  of  the  sys¬ 
tem  or  device. 

BEST  FIT  STRAIGHT  LINE 

A  line  chosen  to  represent  the  sensitivity  of  a  transducer  and  from 
which  non-linearity  errors  maybe  calculated.  The  line  is  chosen 
such  that  the  response  curve  contains  as  much  of  the  function  above 
the  line  as  below  the  line. 

BEST  FIT  STRAIGHT  LIi^fE  WITH  FORCED  ZERO 

The  line  from  which  zero  based  linearity  is  calculated. 

BEST  FIT  STRAIGHT  LINE  WITH  "Y"  INTERCEPT 

A  best  fit  straight  line  the  posi.ion  of  which  is  fixed  by  a  given  out¬ 
put  of  the  transducer  at  zero  measurand.  Non-linearity  errors  may 
be  expressed  as  deviation  from  such  a  line.  The  phrase  "best  fit 
straight  line  with  'Y'  intercept"  is  often  used  to  indicate  non-linearity 
error  calculated  from  such  a  line. 
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BONDED  PICKUP 


The  preferred  term  is  bonded  transducer. 

BONDED  STRAIN  GAGE 

Strain-sensitive  elements  arranged  to  facilitate  bonding  to  a 
surface  in  order  to  measure  applied  stresses. 

BRIDGE  RESISTANCE 

The  resistance  of  each  element  of  a  transducer  whose  configu¬ 
ration  is  that  of  Wheatstone  bridge,  also  the  output  resistance 
of  said  device. 

BURST  PRESSURE 

The  pressure  at  which  the  housing  or  force -summing  member 
of  a  pressure  transducer  fails  to  support  the  associated  stresses, 
so  that  a  rupture  or  leak  results. 

CASE  PP,ESSUR.E 

The  total  differential  pressure  between  the  pressure  in  the 
internal  cavity  of  a  transducer  and  the  ambient  pressure.  The 
term  is  commonly  used  to  summarize  the  limiting  combined 
differential  and/or  line  pressure  capabilities  of  differential  trans¬ 
ducers. 

CENTER  OF  SEISMIC  MASS 

xiic  puiiii  111  Liic  aeisjuic  mass  wiiere  accexeraiion  ana/ or  gravi¬ 
tational  forces  are  summed.  The  center  of  seismic  mass  provides 
the  reference  from  which  the  radius  is  determined  when  calculating  , 
or  applying,  linear  acceleration  levels  generated  by  a  centrifuge. 

The  center  of  seismic  mass  is  often  determined  empirically  by 
spinning  the  accelerometer  in  the  center  of  a  centrifuge  and  observing 
the  position  of  the  instrument  when  its  output  is  equivalent  to  zero 
acceleration. 
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CRITICAL  DAMPING 


The  value  of  damping  which  provides  the  most  rapid  transient 
response  without  overshoot. 

CROSS  ACCELERATION 

The  preferred  term  is  transverse  acceleration. 

CROSS  SENSITIVITY 

The  preferred  term  is  transverse  sensitivity. 

DAMPED  NATURAL  FREQUENCY 

The  frequency  at  which  a  system  with  a  single  degree  of  freedom 
will  oscillate,  in  the  presence  of  damping,  upon  momentary  dis¬ 
placement  from  the  rest  position  by  a  transient  force.  In  acceler¬ 
ometers,  the  damped  natural  frequency  is  generally  determined  by 
means  of  the  90“  phase  shift  method.  That  is,  by  vibrating  the 
instrument  at  a  constant  amplitude  and  observing  the  lowest  fre¬ 
quency  where  there  is  a  90“  phase  shift  between  the  accelerometer 
output  and  the  applied  vibration  v.'-hichis  monitored  with  a  velocity 
coil  or  some  other  suitable  reference  signal. 

DAMPING 

Referes  to  the  resistance,  friction  or  similar  cause  that  diminishes 
the  amplitude  of  an  oscillation  with  each  successive  cycle. 

DAMPING  FACTOR 

The  ratio  of  any  one  amplitude  and  the  next  succeeding  it  in  the  same 
sense  or  direction,  when  energy  is  not  supplied  on  each  cycle.  In 
second-order  systems  with  single  degree  of  freedom  the  decrement  is 
constant.  The  amplitude  decays  as  e“^^ 

Where:  t  =  time 

6  =  logarithmic  decrement 
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DAMPING  RATIO 


The  ratio  of  actual  damping  to  critical  damping.  May  be  eiqjrcsscd 
as  the  ratio  of  output  under  static  conditions  to  twice  the  output  at 
the  lowest  frequency  where  a  90'  phase  shift  is  observed. 

DEAD  VOLUME 

The  total  volume  of  the  pressure  port  cavity  of  a  transducer  at  the 
rest  position,  i.  e.  ,  no  stimulus  applied. 

DIGITAL  OUTPUT 

Transducer  output  that  represents  the  magnitude  of  the  stimulus  in 
the  form  of  a  series  of  discrete  quantities  coded  to  represent  digits 
in  a  system  of  notation.  Distinguished  from  analog  output. 

DIGITIZER 

A  device  which  converts  analog  data  into  numbers  expressed  in  digits 
in  a  system  of  notation. 

DOUBLE  AMPLITUDE 

In  the  field  if  vibratory  acceleration  the  term  double  amplitude  is 
employed  to  indicate  the  total,  or  peak-to-peak,  dimensional  displace¬ 
ment  of  a  vibrating  structure. 

DRIFT 


A  change  in  output  attributable  to  any  cause. 


DYNAMIC  RESPONSE 

The  preferred  term  is  frequency  response. 
DYNAMIC  TEST 


A  test  performed  on  accelerometers  by  means  of  which  information 
is  gathered  pertaining  to  the  over-all  behavior,  frequency  response 


and/or  natural  frequency  of  the  device. 
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"F"  FACTOR 


The  slope  of  the  straight  line  from  which  nor -linearity  is  calculaterh 
Given  as  microvolts  output  per  volt  excitation  per  \init  stimulus. 

FLAT  FREQUENCY  RESPONSE 

Response  of  a  system  to  a  constant  amplitude  function  which  varies 
in  frequency.  The  response  is  "flat”  if  it  varies  within  specified 
limits  of  amplitude,  usually  specified  in  decibels  from  a  reference 
quantity. 

FLUID  DAMPING 

Accelerometer  damping  obtained  through  the  displacement  of  fluid  by 
the  mass  and  the  accompanying  dissipation  of  heat. 

FREQUENCY-  MODULATED  OUTPUT 

An  out].iut  which  is  obtained  in  the  form  of  a  deviation  from  a  center 
frequency,  where  the  deviation  is  proportional  to  the  applied  stimulus. 

FREQUENCY  RESPONSE 

The  portion  of  the  frequency  spectrum  v/hich  can  be  sensed  by  a  de¬ 
vice  within  specified  limits  of  amplitude  error. 

FRICTIONAL  ERRORS 

The  difference  in  resistance  or  output  between  readings  obtained  prior 
to  and  immediately  after  tapping  an  instrument  while  applying  a  con¬ 
stant  stimulus.  Particularly  applicable  to  potentiometric  ti'ansducers. 

FULL  EXCURSION 

The  application  of  measurand,  in  a  controlled  manner,  over  the  entire 
range  of  a  transducer. 
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FULL-SCALE  OUTPUT 


The  algebraic  difference  in  electrical  output  between  the  maximum 
andminitaum  values  of  measurand  over  which  the  instrument  is 
calibrated.  When  the  sensitivity  slope  is  given  by  any  other  line 
than  the  endpoint  sensitivity,  full  scale  expresses  the  algebraic 
difference,  for  the  span  of  the  instrument,  which  is  calculated  from 
the  slope  of  the  straight  line  from  which  non-linearity  is  determined, 

GAGE  FACTOR 

A  measure  of  the  transfer  function  of  strain-sensitive  resistive 
materials.  Numerically  expressed  as: 

GF 

Al/L 

Where  A  r/R  =  unit  change  in  resistance 
A1/L  =  unit  change  in  length 

The  term  is  often  used  as  synonymous  with  the  gage  sensitivity. 
GAGE  PRESSURE 

A  differential  pressure  measurement  in  which  the  ambient  pressure 
provides  the  reference.  Also,  a  pressure  in  excess  of  the  standard 
atmospheric  pressure  at  sea  level,  e.  g.  ,  14.  7  psia. 

HYSTERESIS  ERROR 

The  maximum  difference  between  the  readings  of  the  transducer 
foj'  a  fixed  value  of  the  measured  stimulus  taken  when  the  stimulus 
is  increasing  and  when  it  is  decreasing.  Hysteresis  error  is  often 
expressed  in  per  cent  of  full  scale. 

INACCURACY 

The  term  sometimes  used  to  indicate  deviations  from  a  specific 
reference  in  which  "all  causes"  of  error  attributable  to  the  instru¬ 
ment  are  lumped.  It  is  too  broad  a  concept  to  be  applied  properly, 
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due  to  the  multitude  or  parameters  that  must  be  specified  as  inclusions 
c  '  exceptions.  Furthermore,  corresponding  magnitude  for  each  condi¬ 
tion  would  also  be  required. 


INACTIVE  LEG 

An  electrical  element  within  a  transducer  which  does  not  change  its 
electrical  characteristics  as  a  function  of  the  applied  stimulus.  Speci¬ 
fically  applied  to  elements  which  are  employed  to  complete  a  Wheatstone 
bridge  in  certain  transducers. 

INFINITE  RESOLUTION 

The  ability  to  provide  a  stepless,  continuous  output  over  the  entire  range 
of  a  device. 

INSTABILITY 

It  is  preferred  that  this  term  not  be  used.  See  stability. 

INTERNAL  PRESSURE 

Same  as  case  pressure. 

INTERVAL  CALIBRATION 

The  preferred  term  is  step  calibration. 

LINEARITY 

A  relationship  existing  between  two  quantities  such  that  the  change  in 
OOP  nnantitv  is  exact]  v  and  dirertlv  (linearlv)  nronortiona]  to  the  rhanpe 

■■■■"'X' - -  J  j  -  y*  y'A  4.  CJ 

in  the  other  quantity.  Note:  the  quantities  and  ranges  involved  must  be 
clearly  specified. 

LOADING  ERROR 

The  error  introduced  when  more  than  rated  current  is  drawn  from  the 
output  of  a  device. 
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LOADING  NOISE 


A  noise  which  occurs  in  potentiometric  transducers  when  current  is 
drawn  from  the  instrument.  It  i?  caused  by  fluctuating  contact  resis¬ 
tance  between  the  slider  and  the  wire  or  film  and  by  the  surface  of 
contact  between  the  slip  ring  and  the  slip  ring  contact. 

MAGNETIC  DAMPING 

Damping  accomplished  through  the  generation  and  dissipation  of 
electromagnetic  energy. 

MEASURAND 

A  physical  quantity,  force,  property  or  condition  being  measured. 
NATURAL  FREQUENCY 

The  natural  frequencies  of  an  undamped  body  or  system  are  the  fre¬ 
quencies  of  free  oscillations. 

NOISE 

Any  unwanted  disturbance  or  signal  which  degrades  the  desired  data. 
NOMINAL  RANGE 
See  rated  range. 

NON-LINEARITY 

It  is  preferred  that  this  term  not  be  used.  See  linearity. 

NULL 

(Adjective)  Pertaining  to  a  condition  of  balance  in  a  device  or  system 
which  results  in  zero  output. 

(Verb)  To  oppose  an  output  which  differs  fi  om  zero  by  a  counteraction 
which  returns  the  output  to  zero. 
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OPERATING  TEMPERATURE 


The  range  of  temperatures,  in  which  a  transducer  is  expected  to 
operate  within  specified  limits  of  error. 

OPTIMAL  DAMPING 

Damping  ratio  slightly  less  than  unity  which  limits  the  overshoot  to 
a  value  less  than  the  specified  uncertainty  of  the  instrument. 

OUTPUT 

The  electrical  signal  from  a  system  or  device  which  is  a  function  of 
the  applied  stimulus  or  signal. 

PEAK  AMPLITUDE 

The  maximum  deviation  of  a  phenomenon  from  its  average  or  mean 
position.  When  applied  to  vibration,  same  as  single  amplitude, 

PEAK-TO-PEAK 

The  maximum  algebraic  difference  between  two  or  more  stimuli  or 
signals. 

PICKUP 

The  preferred  term  is  transducer. 

PRIMARY  CALIBRATION 

Calibration  in  which  the  transducer  output  is  observed,  or  recorded 
while  a  direct  known  stimulus  is  applied  under  controlled  conditions 

PRIMARY  STANDARD 

A  unit  directly  defined  and  established  by  some  authority,  against 
which  all  secondary  standards  are  calibrated. 
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RANGE 


A  statement  of  the  quantitative  limits  of  a  physical  system, 

RATED  RANGE 

The  range  within  which  a  device  should  be  operated  in  order  to 
maintain  the  performance  characteristics  specified  by  its  manu¬ 
facturer. 

RATIO  CALIBRATION 

A  method  by  which  potentiometric  transducers  may  be  calibrated, 
in  which  the  value  of  the  measurand  is  expressed  in  terms  of  decimal 
fractions  representing  the  ratio  of  output  resistance  to  total  resis¬ 
tance. 

REACTIVE  BALANCE 

The  capacitive  or  inductive  balance  which  is  often  required  to  null 
the  output  of  certain  transducers  or  systems  when  the  excitation  and/or 
the  output  is  given  in  terms  of  alLernaLing  currents. 

RELIABILITY 

A  measure  of  the  probability  that  a  system  or  device  will  continue  to 
perform  within  specified  limits  of  error  for  a  specified  length  of  time 
under  specified  conditions, 

REPEATABILITY 

The  ability  of  a  system  to  repeat  a  measurement  of  a  fixed  stimulus  to 
a  specified  accuracy. 

RESOLUTION 

The  degree  to  which  small  increments  of  the  measurand  can  be  discrimi 
nated  in  terms  of  instrument  output.  The  smallest  change  in  applied 
stimulus  that  will  produce  a  detectable  change  in  the  instrument  output. 
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RESOLUTION  NOISE 


The  step  wise  voltage  variations  due  to  the  slider  moving  across 
discrete  turns  of  the  resistance  winding  in  potentiometer  type 
transducers. 

RESPONSE  (TRANSDUCER) 

A  quantitative  expression  of  the  output  of  a  transducer  as  a  function 
of  the  input,  under  conditions  which  must  be  explicitly  stated, 

RESPONSE  TIME 

The  time  required  for  the  output  of  a  transducer  to  reach  63.  7%  of 
the  final  output  when  subjected  to  a  step  function  input  of  stimulus. 

SCALE  FACTOR  (TRANSDUCER) 

The  factor  by  which  the  number  of  scale  divisions  indicated  or  re¬ 
corded  by  a  transducer  should  be  multiplied  to  compute  the  value 
of  the  measurand. 

A  unit  defined  and  calibrated  against  a  primary  standard.  See  primar^ 
standard. 

SEISMIC  MASS 

The  element  in  an  accelerometer  which  is  intended  to  serve  as  the 
force-summing  member  for  applied  accelerations  and/or  gravitational 
forces. 

SENSITIVITY 

The  change  in  the  reading  of  a  measuring  instrument  per  unit  of  mea¬ 
sured  quantity. 
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SENSITIVITY  SET 


A  change  in  sensitivity  from  a  reference  value.  That  is,  change 
from  a  response  slope  previously  obtained  which  is  due  to  any  cause. 

SENSITIVITY  SHIFT  WITH  TEMPERATURE 

The  change  in  sensitivity  which  is  a  function  of  temperature  only. 

SHOCK 


A  permanent  change  in  sensitivity  attributable  to  any  cause,  such 
as  over-ranging,  shock,  aging,  etc. 

SENSITIVITY  SHIFT 


>  o 


An  abrupt  change  in  applied  energy. 


SHUNT  CALIBRATION 


A  calibration  in  which  a  parallel  resistance  is  placed  across  a  like 
or  similar  element  to  obtain  a  known  and  uelibex‘ale  electrical  cnange. 

SPEED  OF  RESPONSE 

The  preferred  term  is  response  time. 

STABILITY 

The  quality  of  imperviousness  to  unwanted  changes  in  parameters. 


A  value  or  concept  that  has  been  established  by  authority,  custom,  or 
agreement,  to  serve  as  a  model  or  rule  in  the  measurement  of  a  quan¬ 
tity  or  in  the  establishment  of  a  practice  or  procedure. 
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STANDARDIZATION 


The  act  or  process  of  reducing  something  to  or  comparing  it  with 
a  standard. 

STATIC  TEST 

A  measurement  taken  under  conditions  where  neither  the  stimulus 
nor  the  environmental  conditions  fluctuate. 

STEP  CALIBRATION 

A  calibration  in  which  the  stimulus  or  substitution  of  stimulus  is 
applied  in  discrete  increments. 

STIMULUS 

A  cause  which  produces  change. 

STORING  TEMPERATURE 

The  range  of  temperatures  at  which  a  transducer  may  be  stored  or 
transported  without  degradation  of  performance. 

STRAIN 

The  deformation  of  a  solid  resulting  from  a  stresS)  measured  by 
the  ratio  of  the  change  to  the  total  value  of  the  dimension  in  which 
the  change  occurred. 

STRAIN  GAGE,  ELECTRIC 

A  type  of  transducer  used  in  the  telemetering  of  stresses  and  strains 
usually  consisting  of  an  element,  or  group  of  elements  which  change 
their  resistivity  as  a  function  of  applied  stresses. 

STRESS 

The  force  acting  in  a  unit  area  of  a  solid. 
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SWEPT  RESISTANCE 


The  portion  of  the  total  resistance  of  a  potentiometric  transducer 
over  which  the  slider  travels  when  the  device  is  operated  throughout 
its  total  range. 

TANGENT  SENSITIVITY 

The  slope  of  the  line  tangent  to  the  response  curve  at  the  point  being 
measured. 

TEMPERATURE  COMPENSATION 
Same  as  thermal  compensation. 

TEMPERATURE  EFFECT 

The  difference  between  the  output  at  room  temperature  and  at  any 
other  specified  temperature  at  any  one  value  of  the  stimulus  within 
the  range  of  the  measuring  device. 

TERMINAL -BASED  LINEARITY 

Same  as  end-point  linearity. 

TERMINAL  LINEARITY 

Same  as  end-point  linearity. 

THERMAL  COEFFICIENT  OF  RESISTIVITY 

The  changes  in  the  resistivity  of  a  substance  due  to  the  effects  of 
temperature  only.  Usually  expressed  in  ohms  per  ohm  per  degree 
change  in  temperature. 

THERMAL  COEFFICIENT  OF  SENSITIVITY 

The  change  in  full-scale  output  due  to  the  effects  of  temperature  only. 
Usually  expressed  in  percentage  of  the  full  scale  output  at  room 
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temperature  per  unit,  or  interval,  change  in  temperature. 

THERMAL  COMPENSATION 

A  method  employed  to  reduce  or  eliminate  the  thermal  effects  on  one 
or  more  of  the  performance  parameters  of  a  transducer. 

THERMAL  ZERO  SHIFT 

The  change  in  output,  at  zero  measurand,  due  to  the  effects  of  temp¬ 
erature  only.  Usually  expressed  in  percentage  of  full  scale  output  at 
room  temperature  per  unit,  or  interval,  change  in  temperature. 

THERMISTOR 

A  resistor  whose  value  varies  with  temperature  in  a  defininte  desired 
manner. 

THERMOCOUPLE 

A  transducer  which  depends  on  the  production  of  an  emf  in  two  dis¬ 
similar  metals  as  a  function  cf  the  temperature  or  temperature  change. 

THRESHOLD 

The  point  at  which  an  effect  is  first  produced,  observable,  or  other¬ 
wise  indicated. 

THRESHOLD  OF  SENSITIVITY 

The  smallest  change  in  stimulus  that  will  result  in  a  detectable  change 
in  output. 

TRANSDUCER  (INSTRUMENTATION) 

A  device  which  responds  to  a  phenomenon  and  produces  a  signal  which 
is  a  function  of  one  or  more  characteristics  of  the  phenomenon. 
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TRANSDUCER,  ALTERNATING  CURRENT 


A  transducer  which,  for  proper  operation,  must  be  excited  with  al¬ 
ternating  current  only. 

TRANSDUCER,  BI-DIRECTIONAL 

A  transducer  capable  of  measuring  stimulus  in  both  a  positive  and 
a  negative  direction  from  a  reference  zero  or  rest  position. 

TRANSDUCER  ,  BONDED 

A  transducer  which  employs  the  bonded  strain  gage  principle  of 
transduction. 

TRANSDUCER,  CRYSTAL 

The  preferred  term  is  peizoelectric  transducer. 

TRANSDUCER,  DIFFERENTIAL 

A  transducer  which  is  capable  of  simultaneous  exposure  to  two  se¬ 
parate  stimulus  sources  and  which  provides  an  output  proportional 
to  the  difference  between  the  stimuli. 


TRANSDUCER,  DIRECT  CURRENT 


A  transducer  capable  of  proper  operation  when  excited  with  a  source 
of  direct  current,  and  the  output  of  which  is  also  given  in  terms  of 
direct  current  unless  otherwise  modified  by  the  function  of  the  stimulus. 


A  transducer  which  uses  a  chemical  change  at  the  input  to  generate  an 
electrical  output. 

TRANSDUCER,  FORCE  BALANCE 

A  transducer  in  which  the  output  from  the  sensing  member  is  amplified 
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and  fed  back  to  an  element  which  causes  the  force -summing  member 
to  return  to  a  condition  of  balance.  The  magnitude  of  the  signal  fed 
back  constitutes  the  output  of  the  device. 

TRANSDUCER  IONIZATION 

A  transducer  in  which,  the  displacement  of  the  force -summing  membe c 
is  sensed  by  means  of  induced  changes  in  differential  ion  conductivity. 

TRANSDUCER  lvL\GNETOELECTRIC 

A  transducer  which  measures  the  emf  generated  by  the  movement  of 
a  conductor  relative  to  a  magnetic  field. 

TRANSDUCER  PHOTOELECTRIC 

A  transducer  which  converts  changes  in  light  energy  to  changes  in 
electrical  energy. 

TRANSDUCER  .  PIEZOELECTRIC 

A  transducer  utilizing  a  piezoelectric  element. 

TRANSDUCER  POTENTIOMETRIC 

A  transducer  in  which  transduction  is  accomplished  by  the  changing 
ratios  of  a  voltage  divider. 

TRANSDUCER,  SELF-GENERATING 

A  transducer  which  provides  output  signals  without  external  electrical 
excitation. 

TRANSDUCER,  SERVO 

Same  as  force  balance  transducer. 

TRANSDUCER,  UNI-DIRECTIONAL 

A  transducer  which  measures  stimulus  in  only  one  direction  from  a 
reference  zero  or  rest  position. 
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TRANSDUCER,  VARIABLE  CAPACITANCE 


A  transducer  in  which  the  output  is  a  function  of  the,  change  in 
electric  capacitance. 

TRANSDUCER,  VARIABLE  INDUCTANCE 

A  transducer  in  which  the  output  is  a  function  of  the  change  in  a 
variable  inductance  element. 

TRANSDUCER.  VARIABLE  RELUCTANCE 

A  transducer  in  which  the  output  is  a  function  of  the  variation 
in  the  reluctance  of  a  magnetic  circuit. 

TRANSDUCER,  VARIABLE  RESISTANCE 

A  treinsducer  in  which  the  output  is  a  function  of  the  change  in  its 
electrical  resistance. 

TRANSDUCER.  VELOCITY 

A  transducer  which  generates  an  output  proportional  to  velocity, 
TRANSVERSE  ACCELERATION 

The  acceleration  which  is  applied  in  any  direction  perpendicular  to 
the  axis  of  sensitivity. 

TRANSVERSE  SENSITIVITY 

The  ratio  of  change  in  output  to  an  incremental  change  in  a  given 
stimulus  along  any  axis  perpendicular  to  the  sensitive  axis.  In 
accelerometers,  it  refers  to  the  change  in  the  transducer  output  at 
zero  acceleration  and  at  some  other  acceleration  value  applied  along 
a  plane  perpendicular  to  the  sensitive  axis. 

VIBRATION 

Motion  due  to  a  continuous  change  in  the  magnitude  of  a  given  force 
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•which  reverses  its  direction  with  time.  Vibration  is  generally 
interpreted  as  symmetrical  or  non-sy’-mmetrical  fluctuations  in  the 
rate  at  v/hich  acceleration  is  applied  to  an  object. 

VIBRATION  EFFECT 

The  peak  instantaneous  change  in  output  at  a  stated  \'ibrcvtion  level 
for  any  stimulus  value  within  the  range  of  the  transducer.  Usually 
expressed  in  percentage  of  full-scale  output  per  vibratory  "g"  over 
a  stated  freqiiency  range.  It  may  also  be  specified  as  a  total  error 
in  percentage  of  full-scale  output  for  a  stated  level  of  vibration. 

VIBRATION  SENSITIVITY 

The  preferred  term  is  vibration  effect. 

VISCOUS  DAMPING 

Same  as  fluid  damping. 

ZERO  ADJUSTMENT 

The  act  of  nulling  out  the  output  from  a  system  or  device.  Also,  the 
circuit  or  means  by  which  a  "no  output"  condition  is  obtained  from  an 
instrument  when  properly  energized. 

ZERO  BASED  LINEARITY 

A  manner  of  expressing  non-linearity  errors  as  deviations  from  the 
most  favorable  straight  line  which  cros.‘;es  the  instrument  output  at 
zero  measurand  value.-  The  line  from  v.-hich  zero  based  linearity  is 
calculated  is  also  termed  best  fit  stra.ight  line  with  forced  zero. 

ZERO-COMPENSA  TION 

A  method  by  which  transducer  output  ^.l  zero  measurand  mc.y  be  mini¬ 
mized  and  maintained  within  known  limits. 


ZERO  DRIFT 


A  change  in  output  at  zero  measurand  attributable  to  any  cause. 
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PHYSICAL  EFFECTS  AND  PRINCIPLES  WHICH 
FORM  THE  BASES  FOR  TRANSDUCTION  (Ref.  UI-l) 


I  INTRODUCTION 

Aq  awareness  of  the  effects  and  principles  described  in  the 
following  paragraphs  may  be  of  considerable  use  to  transducer  design 
eugineers  who  are  searching  for  new  ways  to  convert  measurands  to 
electrical  signals  suitable  as  inputs  to  telemetry  systems.  The  reader's 
attention  is  called  to  a  book  titled  Physical  Laws  and  Effects  by  C.  F. 
Hix,  Jr.  and  R.  P„  Alley,  published  by  John  Wiley  and  Sons,  Inc,, 
copyw’Tight  1958  by  General  Electric  Company,  On  pages  1  through  4 
the  authors  present  some  excellent  comments  and  examples  concerning 
previous  applications  and  future  possibilities  of  using  physical  laws 
and  effects  which  are  generally  thought  of  as  being  laboratory  curiosities 

n  PHYSICAL  EFFECTS  AND  PRINCIPLES 

a.  Edison  or  Richardson  Effect 

The  thermionic  emission  of  electrons  from  hot  bodies  at 
a  rate  which  increases  rapidly  with  temperature. 


Galvanomagnetic  and 
Thexmomacnetic  Effects 


(1)  Hall  Effect 


The  development  of  a  transverse  electric  potential 
gradient  in,  a  current-carrying  conductor  upon  the  application  of  a  mag¬ 
netic  field  (see  Section  11,  Volume  I  of  this  handbook). 


in-1  Pearistein, 
formation.  Paid;  1  " 
Fuze  Laborator.ies, 


J. ,  Searching  the  Literature  for  Transducer  In- 
A  Guide  to  the  Literature",  Diamond  Ordnance 
Washington,  D.  C,,  pp  16-23. 
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k  Ettiagshausea  Effect 


If  a  strip  of  metal  in  which  an  electric  current 
flows  longitudinally  is  placed  in  a  magnetic  field  with  the  plane  of  the 
strip  perpendicular  to  the  direction  of  the  field,  it  is  found  that  cor¬ 
responding  points  on  opposite  edges  come  to  different  terpperatures, 

(3)  Nernst  Effect 

If  heat  is  flowing  through  a  strip  of  metal  and  the 
strip  is  placed  in  a  magnetic  field  perpendicular  to  its  plane,  a  difference 
of  electric  potential  develops  between  the  opposite  edges. 

(4)  Righi-Leduc  Effect 

If  heat  is  flowing  through  a  strip  of  metal  and  the 
strip  is  placed  in  a  magnetic  field  perpendicular  to  its  plane,  a  tem¬ 
perature  difference  develops  across  the  strip. 

c.  Thermoelectric  Effects 


(1)  Seebeck  Effect 

The  enaf  produced  in  a  circuit  containing  two  con¬ 
tacting  conductors  of  different  metals  having  two  junctions  at  different 
ter  peiatures.  This  effect  may  be  thought  of  as  the  result  of  two  opposing 
effects;  namely,  the  Thomson  ernf  and  the  Peltier  emf. 

(<i)  Peltier  Effect 

This  is  the  inverse  of  the  Seebeck  effect.  When  two 
unlike  conductors  are  joined  and  kept  at  a  constant  temperature  while 
a  current  passes  through  the  junction,  heat  is  generated  or  absorbed  at 
the  junction  (in  addition  to  the  I^R  loss), 

(3)  Thomson  Effect 

A  potential  gradient  is  developed  along  a  homogeneous 
conductor  in  which  a  thermal  gradient  exists.  The  inverse  effect,  the 
production  of  heat  by  the  passage  of  a  current,  also  occurs.  This  should 
not  be  confused  with  the  I^R  loss. 
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Chaage  of  magaetizatiori  by  rotation  (Barnett  effect) 
and,  inversely,  change  of  rotation  by  magnetization  (Einstein  DeHaas 
effect). 

e.  Piezoelectric  Effect 

The  interaction  between  electrical  and  mechanical  stress- 
strain  variables  in  certain  materials.  Thus,  compression  of  a  crystal 
of  quartz  or  Rochelle  salt  generates  an  electrostatic  voltage  across  it, 
and,  conversely,  application  of  an  electric  field  may  cause  the  crystal 
to  expand  or  contract  in  certain  directions.  Piezoelectricity  is  only 
possible  in  crystals  which  do  not  possess  a  center  of  symmetry.  Unlike 
electrostriction,  piezoelectric  deformations  are  directly  proportional  to 
the  electric  field  (as  long  as  the  crystal  is  outside  the  ferroelectric  re¬ 
gion)  and  reverse  their  sign  upon  reversal  of  field. 

f.  Ferroelectric  Effect 

So  far  as  macroscopic  observations  are  concerned,  a 
ferroelectric  crystal  ( seignette-electric)  may  be  defined  as  having  a 
critical  temperature  (Curie  Point)  on  one  side  of  which  the  dielectric 
properties  exhibit  nonlinearity  and  hysteresis  (the  ferroelectric  region) 
while  on  the  other  side  there  is  no  hysteresis  and  the  relation  between 
polarization  and  field  is  nearly  or  quite  linear.  In  the  case  of  certain 
crystals,  e.  g. ,  barium  titanate,  which  become  centrosymmetrical, 
the  piezoelectric  properties  disappear  above  the  Curie  point.  Ferro¬ 
electric  crystals  (except  those  which  become  ceatrosymi-netrical  above 
the  Curie  point)  are  piezoelectric  on  both  sides  of  the  Curie  point. 

g.  Electrostrictive  Effect 

All  dielectrics,  whether  gaseous,  liquid,  or  solid,  when 
placed  in  an  electric  field  undergo  a  deformation  which  is  independent 
of  the  direction  of  the  field  and  proportional  to  the  square  of  the  field. 
The  effect  is  so  minute  that,  although  it  is  always  present  in  piezo¬ 
electric  phenomena,  it  can  usually  be  ignored.  Only  in  fields  stronger 
than  20,  000  volts /cm  can  it  be  comparable  with  the  effects  of  piezo¬ 
electricity. 
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h.  Mapnetostrictive  Effects 

(1)  Juale  Effect 

The  change  in  length  of  a  ferromagnetic  material 
subjected  to  an  increasing  or  decreasing  longitudinal  magnetic  field. 

(2)  Villari  Effect 


A  change  of  magnetic  induction  within  a  ferromagnetic 
material  under  longitudinal  strese  (inverse  Joule  Effect). 

(3)  Wertheim  Effect 

The  development  of  a  transient  voltage  between  the 
ends  of  a  wire  which  is  twisted  in  a  longitudinal  magnetic  field. 

(4)  Wiedemann  Effect 

The  twisting' of  a  rod  carrying  an  electric  current 
when  subjected  to  a  longitudinal  magnetic  field.  The  Inverse  Wiedemann 
Effect  is  the  axial  magnetization  of  a  current-carrying  wire  subjected 
to  twisting. 


■-  *■  .s 
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Magnetoresistive  Effect 


The  electrical  resistance  of  a  metal  or  semi-conductor 
is  altered  by  the  presence  of  a  magnetic  field. 

j.  Thermoresistive  Effect 

The  change  in  electrical  resistivity  of  a  metal  or  semi¬ 
conductor  as  a  function  of  temperature.  This  change  in  resistivity 
(resistance  of  a  centimeter  cube)  is  due  to  the  change  in  some  property 
of  a  material  subjected  to  a  temperature  change;  that  is,  the  material 
has  a  temperature  coefficient  (positive  for  most  metals,  negative  for 
certain  semiconducting  materials,  e.g.,  thermistors)  of  resistivity. 
Since  the  application  of  heat  to  a  conductor  also  changes  its  dimensions, 
the  net  change  in  resistance  of  a  conductor  is  the  combined  effect  of 
the  temperature-dependent  resistivity  and  dimensional  changes. 


N,"  •V"' 
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Mechanoresistive  Effects 


(1)  The  change  ia  electrical  resistivity  of  a  semicon¬ 
ductor  as  a  function  of  applied  stress;  that  is,  the  material  has  a  stress 
(or  strain)  coefficient  of  resistivity.  Analogous  to  that  of  a  thermo- 
resistive  element,  the  net  change  in  resistance  of  a  strain- sensitive 
element  is  the  combined  effect  of  a  stress-produced  change  in  resistivity 
(property)  and  change  in  dimensions, 

(Z)  The  change  in  ohmic  resistance  of  an  electric  element 
by  movement  of  contacts  (changing  either  effective  area  or  length  of  re¬ 
sistance  element).  The  movement  of  the  contacts  can  be  produced  by 
linear  or  angular  displacement,  by  applied  pressure,  etc. 

(3)  Variation  of  the  transconductance  or  the  plate  re¬ 
sistance  of  a  vacuum  tube  by  movement  of  one  or  more  of  the  elements. 

1.  Electroresistive  Effect 


The  change  in  resistivity  of  a  material  as  a  result  of  a 
change  in  applied  voltage.  The  Varistor  (essentially  silicon  carbide 
with  metallic  contacts)  is  an  electroresistive  material  with  a  nonlinear 
res i stanc e- voltage  character i s tic . 

m.  Mechano-Capacitive  Effects 

Variation  of  electrical  capacitance  of  a  capacitor  by  any 
one  or  any  combination  of  the  following: 

(1)  Change  in  separation  of  the  plates. 

(2)  Change  in  area  of  the  plates. 

(3)  Change  in  the  dielectric  constant  of  the  dielectric. 

In  the  reverse  effect,  a  change  in  the  charge  on  a  capacitor 
causes  movement  or  distortion  of  its  plates. 


WADD  TR  61-67 
VOL  I  REV  1 


III  -  9 


a.  Variable  laductance  Priaciple 

The  change  in  inductance  of  an  inductor  as  the  result  of 
relative  displacement  of  its  elements  (core  position,  armature  position 
with  respect  to  core,  i.  e.  ,  variable  air  gap,  or  the  change  in  effective 
inductive  reactance  of  a  coil  as  the  result  of  a  change  in  mutual  in¬ 
ductance  between  it  and  another  circuit.  The  mutual  inductance  of  a  pair 
of  coils  can  be  changed  by  changing  the  distance  between  them  or  their 
relative  orientation,  or  altering  the  length,  cross-sectional  area,  or 
magnetic  permeability  of  an  iron  core  coupling  tlie  coils. 

o.  Generator  Principle 

The  development  of  an  emf  as  the  result  of  relative  motion 
between  a  conductor  and  a  magnetic  field. 


p.  Proximity  Effect 

The  change  in  current  distribution  (with  the  related  changes 
in  resistance  and  capacitance)  in  a  conductor  due  to  the  field  produced 
by  an  adjacent  conductor. 


zjf  * 


heating. 


(1)  The  separation  of  electric  charge  in  a  crystal  by 


(2)  The  converse,  or  electrocaloric  effect  is  the  change 
in  termperature  of  a  pyroelectric  crystal  caused  by  a  change  in  the 
electric  field. 


r.  Triboelectric  Effect 


bodies. 


The  separation  of  electric  charges  by  friction  between 


s.  Volta  or  Contact-Potential  Effect 


The  development  of  opposite  electrical  charges  on  two 
dissimilar  uncharged  metals  when  placed  in  contact. 
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t.  Luminescent  Effects 

The  emission  of  light  due  to  any  other  cause  than  high 

temperature. 

(1)  Triboluminescence 

Light  emission  due  to  rubbing  or  grinding  certain 
solids,  usually  crystalline  materials. 

(2)  Thermoluminescence 

Light  emission  due  to  heating  certain  substances 
(such  as  diamond,  marble,  and  fluorite)  at  temperature  below  a  red 
heat. 

(3)  Chemiluminescence 

Light  emission  due  to  chemical  action. 

(4)  Cathodoluminescence 

Light  emission  due  to  excitation  by  fast  electrons. 

(5)  Electroluminescence 

Light  emission  due  to  excitation  by  strong  alternating 

electric  fields. 

(6)  Photoluminescence 

Light  emission  due  to  excitation  of  certain  crystals 
by  optical  radiation  (e.  g.  ,  ultraviolet  light.  X-rays). 

If  the  time  between  the  introduction  of  excitation 
energy  and  the  emission  of  light  is  very  short  (  <  10"®  sec),  the  pheno¬ 

menon  is  usually  called  fluorescence;  if  the  time  is  longer,  it  is  usually 
called  phosphorescence  and  the  crystals  exhibiting  this  phenomenon 
are  called  phosphors. 
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u.  Photoconductive  Effect 


The  change  (usually  increase)  in  conductivity  of  certain 
crystals  under  the  action  of  light.  In  general  terms,  the  light  excites 
electrons  into  the  conduction  band  where  they  can  move  freely,  and 
carry  a  current. 

V.  Photoelectric  Effect  (Photoemissive  Effect) 


The  liberation  of  electrons  from  a  surface  when  light  falls 
upon  it.  In  this  effect,  radiation  of  sufficiently  high  frequency,  impinging 
on  certain  substances,  particularly,  but  not  exclusively,  metals,  causes 
bound  electrons  to  be  given  off  with  a  maximum  velocity  proportional 
to  the  frequency  of  the  radiation,  i.  e.  ,  to  the  entire  energy  of  the  photon. 

w.  Photovoltaic  Effect 


The  production  of  an  electromotive  force  by  incidence  of 
radiant  energy,  commonly  light,  upon  the  junction  of  two  dissimilar 
materials,  such  as  a  p-n  junction  of  metal- semiconductor  junction. 

X.  Electro-Optic  Effect 

The  alteration  of  the  refractive  properties  of  an  optical 
medium  by  the  application  of  a  strong  electric  field.  In  a  liquid  medium 
the  effect  is  designated  as  the  Kerr  effect  and  in  a  piezoelectric  crys¬ 
talline  medium  it  is  known  as  the  Pockels  effect. 

y .  Faraday  Effect 

The  rotation  of  the  plane  of  polarization  produced  when 
plane  polarized  light  or  microwave  energy  is  passed  through  a  substance 
in  a  magnetic  field,  the  radiation  traveling  in  a  direction  parallel  to 


z.  Photoelastic  Effect 

The  change  in  the  optical  properties  of  isotropic,  trans¬ 
parent  dielectrics  when  subjected  to  stress.  For  example,  a  block  of 
glass,  free  from  optical  flaws,  exhibits  "forced"  double  refraction 
when  put  under  compression  or  tension  parallel  to  one  of  its  dimensions. 
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aa. 


Photo-Electromafinetic  (Photo-Map;rietoelectric)  Effect 


When  a  slab  of  a  semiconductor,  placed  in  a  iiiagnetic 
field,  is  illuminated  in  a  direction  at  right  angles  to  the  field,  a  voltage 
is  developed  in  the  mutually  perpendicular  direction, 

bb .  Photo-Thermoelectric  (Thermal-Photoelectric)  Effect 

The  development  of  an  electromotive  force  in  a  semi  con¬ 
ductor  carrying  a  thermal  current  when  exposed  to  light. 

cc.  Electrokinetic  Effects 


There  are  four  plienomena  involving  the  electrical  forces 
set  up  by  the  relative  motion  of  solids  and  liquids  and  such  relative 
motions  set  up  by  electromotive  forces. 

(1)  Electroosmosis 


An  applied  emf  causes  a  liquid  to  move  along  the 
stationary  walls  of  a  tube. 


(2)  Electrophoresis 

An  applied  emf  causes  solid  particles  to  move  through 


stationary  liquids, 

(3)  Stream  or  Flow  Potentials 

The  production  of  an  emf  by  the  motion  of  a  liquid 
through  stationary  tubes. 

(4)  Dorn  Effect 

The  production  of  an  ernf  by  the  motion  of  solid  par¬ 
ticles  through  liquids. 

dd.  Galvanic  (Electrochemical)  Effects 


The  production  of  electrical  energy  by  chemical  action 
(including  changes  in  ion  concentration  at  electrodes,  i.  e,  changes  in 
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current  flow  as  a  function  of  concentration  polarization)  and  inversely, 
the  production  of  chemical  change  through  electrolysis,  i.  e.,  the  conversion 
of  electrical  energy  into  chemical  energy  by  transfer  of  electrons  and 
ions  and  recombinations  of  electrical  charge. 

ee.  Photochemical  Effect 

The  initiation  of  chemical  reaction  by  the  absorption  of 

light. 

ff.  Additional  Thermal  Effects 

All  materials  and  devices  are  affected  by  temperature  in 
one  way  or  another.  In  most  measurements  temperature  must  be  con¬ 
trolled,  compensated,  or  otherwise  taken  into  consideration  to  minimize 
errors  in  measurement  of  the  primary  physical  quantity.  A  number  of 
effects  which  serve  as  bases  for  temperature  measurement  have  been 
listed  above.  Additioneil  effects  wldch  may  be  utilized  for  temperature 
measurement  are  given  below; 

(1)  The  change  in  spectral  radiation  trom  a  body  as  a 
function  of  temperature. 

(2)  The  displacement  or  change  in  size  of  a  body  as  a 
function  of  temperature  (temperature  coefficient  of  expansion  or  dii'f erenti.il 
coefficient  of  expansion). 

(3)  The  change  in  pressure  of  a  confined  gas  or  vapor  as 
a  function  of  temperature  (gas  laws). 

(4)  The  melting,  softening  (e.  g.  ,  of  pyrometric  cones), 
or  vaporization  of  materials  at  fixed  temperatures. 

(5)  The  relation  between  the  amount  of  ionization  in  gases 
and  temperature  (above  4,  000“C). 

(6)  The  change  in  magnetic  susceptibility  of  certain  para- 
magentic  materials  with  temperature.  (This  effect  can  be  used  to  measure 
temperature  below  4*K,  ) 
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(7)  The  change  in  color  of  temperature- sensitive  paints. 

A  certain  amount  of  time,  several  minutes  at  the  appropriate  temperature 
is  required  for  the  change.  At  least  one  paint  works  on  the  dehydration 
principle,  and  gives  a  reversible  indication.  That  is,  the  color  change  is 
reversed  on  cooling  again.  Other  paints  undergo  a  pei‘manent  chemical 
change.  The  same  paint  may  pass  through  a  gradua,!  change  involving 
several  distinguishable  colors,  and  so  can  give  indications  of  more  than 
one  temperature.  One  firm  (The  Tempil  Corporation)  supplies  16  dif¬ 
ferent  types,  which  indicate  temperature  from  175"  to  1470"F. 

gg.  Effects  Involving  Radiation  from  Radioactive 
Sources  as  a  Medium 

Four  types  of  radiation  emitted  by  radioactive  materials  are 
alpha,  beta,  and  gamma  rays,  and  neutrons.  Many  of  the  effects  involving 
light  and  charged  particles  as  transducing  media,  similar  to  those  listed 
above,  are  exhibited  when  the  radiation  from  radioactive  materials  is 
used  as  the  transducing  medium.  The  properties  of  this  radiation  that 
are  utilized  in  measurements  are:  its  penetrability;  capacity  to  be  absorbed, 
reflected,  refracted,  and  diffracted;  ionization  power;  and  ability  to  in¬ 
duce  radioactivity  in  certain  materials  from  which  measurement  are 
desired.  The  principal  transducers  used  for  detection  and  measurement 
of  the  radiation  are  phosphors,  photographic  film,  Geiger-Mueller 
tubes,  scintillation  counters,  and  ionization  chambers. 


hh.  Mechanical  Displacement  and  Strain  Effects 

In  this  category  are  included  all  displacements  and  dimensional 
changes  of  bodies  (or  devices)  that  occur  in  response  to  various  mech¬ 
anical  quantities,  e.  g. ,  pressure,  torque,  acceleration,  velocity,  mom¬ 
entum,  kinetic  energy.  The  more  important  principles  governing  the 
operation  of  mechanical  transducers  are  the  following: 

(1)  Newton's  laws  of  motion  and  gravitational  attraction. 

(Z)  The  law  of  conservation  of  energy. 


(3)  The  law  of  conservation  of  linear  and  angular  momentum. 
The  operation  of  a  gyroscope  as  an  instrument  for  measuring  and  con¬ 
trolling  displacement,  velocity,  direction,  etc.  ,  is  primarily  based  on 
the  law  of  conservation  of  angular  momentum. 
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APPENDIX  IV 


1.  ACCELEROMETER  FUNDAMENTALS  (Ref.  IV- 1) 


J'igure  IV-1  shows  a  schematic  of  a  fundamental  linea  r 
accelerometer  in  which  a  miass  is  suspended  from  the  accelerometer 
case  by  means  of  a  spring.  Damping  is  accomplished  by  either 
mechanical  or  electrical  means  and  the  case  is  mounted  rigidly  to 
the  device  whose  acceleration  is  desired.  The  relationship  betv^^een 
acceleration  of  the  case  and  motion  of  the  mass  may  now  be  developed. 

X  -  displacement  of  accelerometer  case  in  space,  cm 
Y  -  displacement  of  accelerometer  mass  with  respect  to  the  case, cm 
a  =  acceleration  of  accelerometer  case  in  space,  cm/sec^ 

M  =  acceleration-sensitive  mass  (sometimes  called  seismic  mass),  gm 
B  =  damping,  dynes /cm/ sec 

spring  constant,  dynes/cm 


Units  given  above  are  representative  only,  and  in  developing  the 
equations  the  operator  p  will  be  used  to  denote  the  derivative  of  a  quan¬ 
tity.  The  basic  equation  of  motion  of  the  accelerometer  indicates  that 
the  force  to  accelerate  the  seismiic  mass  comes  from  the  damping  and 
the  spring. 


Mp"^  (X-Y)  =  BpY  +  KY 
Mp^  X  =  Mp^  Y  +  BpY  +  KY 


M/K 


p^X 


i^p2  + 
K 


K 


p  +  1 


(1-1) 


(1-2) 


2 

But  p  =  a.  Therefore,  the  transfer  function  (Ref.  IV-2)  seismic  mass 
displacement  to  case  acceleration  is: 


Y 

a 


M 

K 


M/K 


ph 


K 


p  +  1 


(1-3) 


IV-1  Snine  as  Reference  179 


Ref.  IV- 2  Ritow,  Ira.  "Automatic  Control  System  Design --3,  Frequency 
Response  and  Transfer  Functions,"  Electrical  Manufacturing,  June  1959, p.  129 
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Fig.  IV-1  Fundamental  linear 
accelerometer. 


Fig.  IV-2  Accelerometer  with  mass  floated  in  oil 
to  minimize  driction  and  prevent  mass  from  being 
forced  against  guide  rod  by  accelerations  along 
axes  other  than  the  sensitive  one. 


Series 


Frequency,  rod/sec 
(lOQ  tcole) 


Fig.  IV-3  Block  diagram  of  accelerometer  shown 
in  Fig.  IV-2. 


Fig.  IV-4  Bode  diagram  of  system 
in  Fig.  IV“3, 


f 


Fig.  IV-5  Bode  diagram  of  system  in  Fig.  IV-3  with 
lead-lag  network  added  to  improve  stability. 
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This  is  the  classic  transfer -function  equation  for  a  spring -mas s 
system.  The  ratio  of  mass  to  spring  constant  gives  the  steady-state 
displacement  of  the  system  to  unit  acceleration.  In  addition,  the 
denominator  of  the  expression  may  be  rewritten  as  follows: 


whcri 


-  p^42Z 


—  p  +  1 


(1-4) 


=  undamped  natural  or  resonant  frequency,  rad  per  sec 
Z  =  damping  constant 


When  Z  is  unity,  the  accelerometer  is  critically  damped  and  the 
denominator  is  factorable  into  a  pair  of  repeated  roots.  If  Z  is  less 
than  unity,  the  accelerometer  is  under  damped  and  the  factors  of  the 
quadratic  are  complex.  Damping  of  slightly  less  than  unity  is  quite 
common.  If  Z  is  greater  than  unity,  the  quadratic  is  factorable  into 
two  real  roots. 


Figure  IV-2  shows  a  more  sophisticated  version  of  fundamental 
accelerometer.  The  equations  of  motion  of  this  device  may  be  written: 

Mp^  (X  -  Y)  =  Bp  Y  +  KY 

wliicli  is  the  same  as  Eq  (1-1).  Additional  parameters  are: 

Kp  =  motor  force  constant,  dynes  per  milliamp 
u  =  amplifier  gain,  milliamp  per  volt 
Kp  =  pickoff  gain,  volts  per  cm 

R  =  resistance  in  series  with  motor,  ohms  x  10^ 
i  =  current  in  force  motor,  milliamps 
Cq  -  accelerometer  output,  volts 

Since  the  spring  constant  now  is  the  product  of  the  pickoff,  amplifier 
and  force  moto  ■  gai^is: 

K  =  K„u  K  (1-5) 

h  p 

Also:  i  =  (1-6) 

R 

i  ^  YK  u  (1-7) 

P 
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Substituting  Eq  (1-6)  into  Eq  (1-7)  and  solving  for  Y, 


Y 


e 


o 


KpUR 


(1-8) 


If  Eqs  (1-5)  and  (1-8)  are  now  substituted  into  Eq  (1-1)  and  solved,  the 


transfer  function  relating  output 

e 

o 

voltage  to  acceleration  is  as  follows: 
MR/Kp 

a 

M  1 

+  i 

1  ®  ^ 

jp  +  i  <*■’> 

K_u  K 

F  pj 

\  %] 

Again  looking  at  Fig.  IV-2  and  assuming  that  no  damping  is 
present  in  the  unit,  the  following  equation  may  be  written  in  regard  to 
the  mass: 


2 

F  =  Mp  (X-Y)  (1-10) 


where  F  =  force  in  dynes.  Solving  for  Y, 

Y  =  - (Mp^  X-F) 

Mp 

Since  X  =  input  acceleration  a, 

1 

Y  =  - ^  (Ma  -  F) 

Mp-^' 


(1-11) 


(1-12) 


A  block  diagram  may  now  be  drawn  of  the  accelerometer  without  in¬ 
ternal  damping  as  shown  in  Fig.  IV- 3  where 

G  =  complete  amplifier  transfer  function 

f  =  the  force  error  of  the  system  (wh:ch  exists  only  when 
acceleration  is  changing) 

Equation  (1-12)  is  represented  by  the  mass  transfer  function  and 
its  inputs  (Ma--F).  A  study  of  the  servo  open- loop  transfer  function  F/f 
indicates  that  if  gain  is  used  only  in  the  amplifier,  the  system  will  have 
no  damping  and  will  be  unsatisfactory.  A  Bode  diagram  plot  of  the  open- 
loop  transfer  function,  as  in  Fig.  IV-4  indicates  a  0  db  axis  crossover 
of  12  db  per  octave  and  0  degree  phase  margin.  Practically,  the  system 
will  oscillate  due  to  other  time  constants  in  the  system  which  normally 
can  be  ignored.  However,  the  addition  of  a  lead -lag  network  to  the 
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amplifier  will  provide  a  satisfactory  system,  as  indicated  in  Fig.  IV-5. 
It  will  be  necessary  to  raise  the  gain  of  the  amplifier  to  compensate 
for  the  loss  of  gain  in  the  network.  The  closed -loop  transfer  function 
of  this  system  relating  output  voltage  as  a  function  of  acceleration 


f  P 


MR  (]  +  p 


^  2.  1 
-  +  -  -t  p 

K  K 

c  2  c 


b  J 


v/here 


Ga  -  product  of  amplifier  gain  and  gain  loss  in  lead -lag 
network,  milliamps  per  volt 

Wl  =  frequency,  rad/sec,  at  which  lead  time  constant  l/'W;^  occurs 
W2  =  frequency,  rad/sec,  at  which  lag  time  constant  I/W2  occurs 


The  frequencies  V/i  and  V/ 2  cliosen  to  be  respectively  above  and  below 

the  0  db  axis  and  classical  servo  synthesizing  methods  may  be  used  to 
give  the  required  performance. 


Another  class  01  instrument  is  represented  by  the  pendulous 
type  of  accelerometer  shown  schematically  in  Fig.  2-103  where 

K  =  spring  constant,  dyne-cm/rad 

B  =  damping,  dyne -cm/rad/sec 


1  =  length  of  simple  pendulum,  cm 


M  =  mass  of  pendulum,  grams 

CK  =  angle  of  pendulum  with  respect  to  case,  rad 
X  =  linear  displacement  of  case  in  space,  cm 


y  -  linear  displacement  of  pendulum  mass  with  respect  to 
case,  cm 
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a  =  acceleration  o£  accelerometer  case  in  space,  cm/ sec"" 

In  this  instrument  a  pendulum  is  suspended  on  an  axis  so  that  it  is  free  to 
move  through  an  angle  with  respect  to  the  accelerometer  case.  Damping 
again  is  accomplished  by  either  mechanical  or  electrical  means  and  the 
pendulum  is  restrained  by  a  torsion  spring.  In  developing  the  equations 
of  motion  for  the  simple  pendulum,  it  is  assumed  that  the  angle  the 
pendulum  makes  with  the  case  remains  small.  The  basic  equation 
of  motion  is  very  similar  to  Eq  (1-1); 


Mp 


2 


(X  -  Y)  1 


Bpoc  +  KCX 


(1-14) 


For  small  angles,  Y  =  la.  Substituting  this  into  Eq  (1-14)  and  solving: 


Ml^ 

IT" 


Ml/K 

P  4  P+  1 


(1-15) 


Since  p  X  =  a,  the  transfer  function  relating  angular  motion  of  the 
pendulum  to  case  acceleration  is; 


ex 

a 


Ml/K 

Ml2  p2  ^ 

K 


K 


P  +  1 


(1-16) 


The  numerator  of  the  expression  gives  the  steady-state  angular  displacement 
of  the  system  to  unit  acceleration.  The  denominator  of  the  expression  may 
also  be  replaced  by  Eq  (1-4)  where 


Wn 


1/2 


Z 


2K 


Fig.  2-104  show's  accelerometer  with  compound  pendulum.  Using 
1  =  length  of  unbalance  mass  from  center  of  rotation,  cm 
M=  the  unbalance  mass  concentrated  at  its  center  of  gravity,  gm 
J  =  inertia  of  the  balanced  mass  about  the  center  of  rotation, 
gm-cm2  the  equation  of  motion  can  be  written: 

Mp"  (X  -  Y)  I  =  JqP^'  +  Bp  +  K 
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Again, for  sinall  angles,  Y  =  la.  Also,  acceleration  a  =  p2  X.  The 
transfer  function  relating  angle  of  rotation  of  pendulum  to  linear  accel¬ 
eration  becomes; 


c>< 

a 


Ml/K 


Ml-^  +  J 


p  + -  P  +  1 

K 


(i-17) 


Thus,  the  undamped  natural  frequency  is  determined  by  the  square 
root  of  the  ratio  of  spring  constant  to  inertia  of  the  compound  pendulum 
about  its  axis  of  rotation.  Angle  of  rota.tion  for  steady-state  acceleration 
is  determined  by  the  total  pendulum  mass  and  the  length  of  the  center 
of  gravity  from  center  of  rotation,  the  product  of  the  two  quantities 
being  divided  by  the  spring  constant. 


The  pendulous  accelerometer  of  Figure  IV-6  represents  one  of 
the  more  complex  (although  highly  accurate)  devices  that  may  be  used. 

It  consists  of  the  conventional  single -axis,  floated,  damped  HIG  gyro 
modified  so  that  the  gyro  gimbal  is  unbalanced  by  a  known  amount. 

A  servo  amplifier  accepts  the  error  from  the  gyro  signal  generator  and, 
by  means  of  a  servo  motor,  drives  the  gyro  about  its  input  axis  to  null 
the  signal  generator  output.  The  following  terminology  will  be  used: 


SA  =  spin  axis  of  gyro  wheel 
OA  =  output  axis  of  gyro 

lA  =  gyro  input  axis  (perpendicular  to  plane  containing 
SA  and  OA) 

c«c  =  angle  of  gimbal  about  OA,  rad 
6  =  angle  of  gyro  input  axis,  rad 

N  =  p0  =  angular  velocity  of  servo  motor,  rad/ sec 
SG  =  signal  generator  on  output  axis 
M  =  unbalance  mass  on  gimbal,  gm 
1  =  moment  arm  to  unbalance  mass,  cm 

I  =  evro  wheel  inertia  about  SA,  gm-cm^ 

^  =  gyro  wheel  velocity  about  spin  axis,  rad/sec 

(lil)  =  gyro  wheel  momentum,  gm-cm^/sec 
B  =  damping  about  OA,  dyne-cm-sec 
Jo  -  gyro  gimbal  inertia  about  OA,  gm-cm^ 

Jm  =  inertia  of  complete  accelerometer  about  motor  axis 
rotation  (same  as  lA)  gm-cm^ 

Ksg=  signal  generator  gain,  volt/rad 
R  =  motor  armature  circuit  resistance,  ohm 
Kt  =  motor  torque  constant,  dyne-cm/amp 
Kv  =  motor  back-emf  constant,  volt/rad/ sec 
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Fig.  IV -6  Highly  accurate  pendulous  gyro  accelerometer 
including  servo. 
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Fig.  IV-7  Block  diagram  of  accelerometer  in  Fig,  IV-6, 
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Fig.  IV-8  Accelerometer  with  motor  built  into  pendulum. 
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Fig.  lV-9  Block  diagram  of  accelerometer  in  Fig.  IV-8 
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L  =  motor  armature  inductance,  henrys 
Ksa  “  servo  amplifier  transfer  function 
T  =  torque,  dyne -cm 
Tg-  torque  about  girnbal  OA,  dyne-cm 
a  =  linear  acceleration  along  sensitive  axis,  cm/sec^ 

To  find  the  transfer  function  of  the  girnbal  within  the  gyro,  the 
torque  applied  about  the  output  axis  may  be  equated  to  the  sum  of 
the  torques  to  accelerate  the  girnbal  inertia  and  overcome  the  damping: 

2 

Tg  =  Jp  +  Bpoc  (1-18) 

Solving  for  the  transfer  function. 


1 


The  ratio  of  girnbal  inertia  to  damping  is  sometimes  called  the 
characteristic  time  constant.  A  high-quality  gyro  will  have  sinall 
inertia  and  heavy  damping  to  give  a  characteristic  time  constant  of 
6  millisec  or  less. 

The  torque  applied  to  the  gyro  girnbal  comes  from  the  pendulous 
effects  when  the  device  is  accelerated  along  its  sensitive  axis.  Thus 
the  girnbal  transfers  the  torque  from  linear  acceleration  into  a  small 
angle  about  the  output  axis.  The  signal  generator  converts  the  angle 
into  an  electrical  error  signal  which  is  operated  upon  in  the  servo 
amplifier.  The  servo  motor  then  rotates  at  the  required  angular 
velopity  so  that  the  torque  developed  through  the  action  of  the  wheel 
momentum  balances  the  torque  caused  by  linear  acceleration.  A 
block  diagram  of  this  loop  is  shown  in  Figure  IV-7. 

Most  textbooks  on  physics  or  mechanics  derive  the  basic 
gyro  equation  that  converts  angular  rate  about  the  input  axis  to  a 
torque  about  the  output  axis  through  the  medium  of  gyro-wheel 
momentum.  The  block  for  the  motor  gives  the  transfer  function 
of  a  d-c  motor  whose  derivation  also  is  available  elsewhere.  The 
servo  may  be  stabilized  by  classical  techniques.  A  further  inspec¬ 
tion  of  the  system  reveals  that  the  angular  velocity  of  the  motor 
is  directly  proportional  to  linear  acceleration  of  the  device  along 
the  sensitive  axis.  A  complete  closed-loop  analysis  indicates  that: 

N  _  Ml  I  0  I  (1-20) 

a  -  IQ  I  d) 
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where  0/D  =  closed-loop  transfer  function  of  servo,  regarding  it  as 
a  position  servo  controlling  motor  angle  0-  Its  steady  state  gain  is  unity. 

Because  the  accelerometer  is  pendulous,  the  gain  of  the  servo 
must  be  high  in  order  to  keep  cross  talk  within  acceptable  limits.  Also, 
since  motor  angular  velocity  is  proportional  to  linear  acceleration,  it 
follov/s  that  the  motor's  angular  position  is  proportional  to  linear  velocity. 
Thus  the  device  is  a  self-integrating  accelerometer  and  desired  output 
may  be  obtained  by  use  of  an  appropriate  pickoff. 

An  accelerometer  which  used  a  motor  in  a  rather  interesting 
way  is  shown  in  Figure  IV -8,  A  gimbal  is  supported  in  bearings  within 
the  accelerometer  case  and  a  signal  generator  is  present  to  convert 
the  mechanical  error  into  an  electrical  signal.  The  gimbal  also  is 
pendulous  and  supports  the  stator  of  a  motor.  The  rotor  of  the  motor 
is  free  to  turn  within  the  gimbal  and  torque  to  restrain  gimbal  motion  is 
transferred  across  the  motor  air  gap  when  the  servo  amplifier  receives 
an  error  from  the  signal  generator.  The  following  terminology  will  be 
used  (already-defined  terms  which  apply  are  not  repeated): 

OC  =  position  of  gimbal  with  respect  to  case,  rad 
cjj  =  position  of  motor  rotor  with  respect  to  outer  accelerometer 
case,  rad 

Jg=  gimbal  plus  stator  inertia  about  a.xis  of  rotation,  gm-cm^ 

Jr=  inertia  of  motor  rotor,  gm-cm'^ 

i  =  motor  armature  current,  amp 

E  =  voltage  applied  to  motor  armature,  volts 

The  block  diagram  of  the  accelerometer  is  given  in  Figure  IV -  9  and  con¬ 
tains  the  same  gimbal  transfer  function  as  previously  developed  for  the 
system  of  Figure  IV -7 ,  In  finding  the  transfer  function  for  the  motor, 
the  armature  circuit  inductance  is  neglected  and  the  basic  equation  written: 


/I  •>  1  \ 


The  torque  developed  in  the  motor  is  equal  to  the  product  of  the  current 
and  the  torque  constant  which,  when  solved  for  current,  is 

T  (1-22) 


This  same  torque,  developed  across  the  air  gap,  accelerates  the  rotor 
inertia  and  also  overcomes  the  gimbal  inertia  and  damping: 


2  2 

=  JtiP  0  =  J  p  c><  +  Bp  e>< 
g 


.'--•.-•.•.I 


^ . 


-a 


.V 


(1-23) 
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(1  -  Z4) 


Equation  (1-23)  when  solved  for  a  becomes: 


J  p  +  B 
g 

Equation  (1-24)  and  the  first  part  of  Eq  (1-23)  may  now  be  substituted 
into  Eq  (1-21)  with  help  of  Eq  (1-22)  to  product  the  motor  transfer 
function: 

0  _  (Jg/B)(p)  +  1 


r  Jr  J 

g 

R 

-1- 

hi  +  d  1 

p  +  1 

Kt  Kv 

B 

\ 

“  i 

(1-25) 


The  torque  which  is  compared  with  the  input-order  signal  torque  is 
also  expressed  by  the  first  part  of  Eq  (1  -23)  and  the  block  diagram  is 
completed. 

If  time  constants  are  ignored  and  the  servo  gain  is 

represented  by  the  constant  G,  the  closed-loop  transfer  function  may 
be  written: 


'■I  f 


(1-26) 


(Jr  p'") 


(1  +  G  Jo) 


Solving  for  transfer  function  relating  angular  acceleration  of  motor 
to  linear  acceleration  input; 

_  MIG  (l-?.7) 

a  1  +  GJr 


If  the  servo  gain  is  large: 

p^4)  ^  Ml  (1-28) 

a  Jr 

Thus  the  angular  acceleration  of  the  motor  is  proportional  to 
the  linear  acceleration  of  the  device  along  its  sensitive  a:ds.  Further¬ 
more,  angular  velocity  of  the  motor  is  proportional  to  linear  velocity 
of  the  device,  and  angular  position  of  the  motor  is  proportional  to  the 
linear  distance  the  device  has  travelled.  This  instrument  may  now 
be  called  a  double -integrating  accelerometer  and  velocity  or  position 
information  may  be  directly  acquired  if  the  proper  pickoff  device  is 
selected. 
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TEMPERATURE  MEASUREMENT  FUNDAMENTALS  (Ref.  IV- 3) 


a.  Semiconductor  s 

In  an  isolated  atom,  the  potential  energy  of  an  electron  as 
a  function  of  distance  from  the  positive  nucleus  44  can  be  seen  in 
Fig*  4-10,  The  point  of  zero  energy  is  at  the  nucleus,  and  the  energy 
increases  as  an  electron  is  moved  away  from  this  point. 

Quantum  theory  states  that  an  electron  can  have  only  certain 
permissible  orbits  and  therefore  only  certain  permissible  energy 
levels.  In  a  metal  or  other  crystalline  solid,  there  is  an  interaction 
between  adjacent  molecules  resulting  in  the  energy  level  diagram  shown 
in  Figure  IV-11.  The  Pauli  Exclusion  Principle  infers  that  no  two 
electrons  can  have  the  same  energy.  Therefore,  as  atoms  combi-'c 
to  form  a  lattice  structure,  their  electronic  orbits  tend  to  over  , 
bringing  together  electrons  with  similar  energy  levels  to  form  continuous 
bands  of  permissible  energies  in  a  solid. 

In  a  good  insulator,  the  valence  band  as  in  Figure  IV-11  is 
completely  filled  and  the  forbidden  energy  gap  is  large  enough  to 
prevent  thermal  excitation  of  the  valence  electrons  into  the  unfilled 
conduction  band.  Since  there  are  essentially  no  vacancies  (holes)  for 
electrons  to  occupy,  electron  travel  through  an  insulator  is  at  a  mini¬ 
mum. 

A  material  is  a  good  conductor  if  either  its  valence  band  is 
unfilled  or  if  the  conduction  and  valence  bands  overlap.  With  this 
arrangement,  electrons  are  free  to  move  to  holes  within  the  unfilled 
valence  band,  or  if  the  valence  band  is  filled,  electrons  are  able  to 
move  to  holes  in  the  conduction  band. 

A  semiconductor  is  a  material  whose  valence  band  is  filled  and 
has  a  forbidden  energy  gap  intermediate  between  that  of  a  conductor  and 
an  insulator.  In  intrinsic  semiconduction,  the  energy  gap  is  sufficiently 
small  so  that  electrons  from  the  valence  band  can  be  thermally  excited 
across  it.  In  extrinsic  semiconduction,  impurity  atoms  are  added  to 
a  substance  to  produce  new  energy  levels  within  the  forbidden  energy 
gap.  A  P-type  semiconductor  is  one  v/hich  has  an  electron  accepting 
energy  level  slightly  above  the  valence  band.  An  N-type  semiconductor 
is  one  which  has  an  electron  donating  energy  level  slightly  below  the 
conduction  band.  These  various  energy  level  configurations  are  illustrated 
in  Figure  IV- 12. 

Ref.  IV-3  Same  as  Ref,  180 
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The  conductivity  in  an  intrinsic  semiconductor  is  given  by  the 
following  equation; 

T  =  e  u^  +  e  n^^  u^^  (2-1) 

where: 

T  =  Conductivity 
e  =  Electronic  charge 
ne  =  Electron  Concentration 
nn=  Hole  Concentration 
ue  =  Hole  Mobility 

Mobility  -  Velocity/ Electric  Field 

Upon  heating,  the  electron  and  hole  mobilities  decreases  slightly  due 
to  an  increase  in  collisions  with  thermally  agitated  molecules.  Both 
Ue  and  un  are  proportional  to  T~3/2. 

This  decrease  in  conductivity  with  rising  temperature  is  completely 
offset  by  a  very  large  increase  in  electron  concentration  in  the  conduction 
band,  and  hole  conceirtration  in  the  valence  band,  owing  to  electron  ex¬ 
citation  across  the  energy  gap.  As  might  be  expected  there  is  a  mathematical 
relationship  between  the  temperature  of  a  semiconductor  and  its  conductivity. 
It  is  derived  below  gy  means  of  Fermi -Dirac  statistics.  Much  of  the  de¬ 
velopment  is  shown  graphically  in  figures. 

By  methods  of  wave  mechanics,  the  following  equation  can  be 
realized  which  gives  the  number  of  electrons  per  unit  volume  that  have 
energies  below  an  arbitrary  energy  level  E  at  0”  K; 

8Tr(2m)3/2  (^”2) 

^e  =  ip 

whe  r  e 

n^  =  Electron  concentration 
m  -  Electron  mass 
h  Planck's  Constant 
E  =  Energy  level 
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By  differentiating  the  above  equation,  the  number  of  electrons 
per  unit  volume  having  energies  from  E  to  dE  is  found  to  be 

4  IT  (Zm)3/2  e1/2  dE  (2-3) 

dn  =  — ^ — 

The  Fermi-Dirac  distribution  function  shows  the  probability 
of  electrons  occupying  higher  energy  levels  at  temperatures 
above  0“K. 


f(E) 


E  -  Eri 


kT 


(2-4) 


where 


Ej-  =  Fermi  level 

k  =  Boltzmann's  constant 

T  -■  absolute  temperature 

e  ~  2.732 


Under  normal  conditions  e^^  "  Ep)/ki  much  greater  than  one. 
The  distribution  function  can,  therefore,  be  written  as 


(Ep  -  E)/kT 

f(E)  =  e 


(2-5) 


The  following  equation  will  give  the  concentration  of  free  electrons 
in  the  conduction  band  for  any  temperature. 


WADD  TR  61-67 
VOL  I  REV  1 


rv-15 


Ej,  in  the  above  equation  is  the  lowest  energy  level  in  the  conduction 
band.  By  letting  Ec  represent  a  reference  level,  it  is  possible  to 
integrate  from  zero  to  infinity  by  using  the  Gamma  Function  of  3/Z. 

This  results  in  Eq  {  -7) 

(4TTmkT)3/2  _  _  EF)/kT  (2-7) 

- 

A  similar  method  shows  the  concentration  of  holes  in  the  valence  band 
to  be 


n 


n 


(4it-  m  kT)^/^ 
h2 


EE)/kT 


(2-8) 


By  assuming  the  concentration  of  holes  in  the  valence  band  to  be  equal 
to  the  concentration  of  electrons  in  the  conduction  band,  the  Fermi  level 
must  fall  midway  between  the  limits  of  the  energy  gap  (see  Figure  IV- 13) 
The  final  equations  for  the  hole  and  electron  concentrations  are  then 


=  n_ 


n 


(4-rrm  kT)3/2  ^-AE/2kT 

h2 


(2-9) 


Ae  =  width  of  energy  gap 


Since  the  conductivity  of  a  semiconductor  is  dependent  upon 
the  product  of  its  electron  and  hole  concentration  and  their  respective 
mobilities,  the  t2/2  factor  cancels  out  and  the  conductivity  varies  as 

-  AE/2kT.  Similar  results  hold  for  extrinsic  semiconductors, 
e 


Xiifcj  results  of  tlii&  uiSCuS&xOii  incii 


in 


X  >..r 


temperature  would  increase  the  conductivity  of  a  semiconductor  and 
vice  versa.  Semiconductors  are  therefore  said  to  possess  positive 
temperature  coefficients  of  conductivity  or  conversely,  negative  tem¬ 
perature  coefficients  of  resistivity. 


b.  Thermionic  Emission 


The  difference  between  the  energy  required  to  overcome  the 
barrier  E^^  and  the  Fermi  energy  level  Ee.  discussed  in  section  a 
in  connection  with  semiconduction,  is  called  the  work  function  of  the 
metal.  From  equations  (2-3)  and  (2-4)  of  section  a,  the  nu.mber  of 
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electrons  per  unit  volume  having  energies  from  E  to  dE  is  given 
by 


4TT(Zm)^/2  dE 

h3  e(E  -  Ep^/kT  ^  1 


(2-10) 


Each  energy  level  has  a  definite  velocity  related  to  it  be  E  =  1/2  mv^ 
where  m  equals  mass  and  v  equals  velocity.  It  is  therefore  possible 
to  develop  the  following  expression  for  the  number  of  electrons  that 
arrive  per  unit  time  at  a  unit  surface  with  energies  in  the  range  from 
E  to  dE. 


dN  = 


4Trm  kT 


.(Ef  -  E)/kT  +1 


(2-11) 


To  determine  the  number  of  electrons  emitted  from  the  surface 
of  the  conductor,  it  is  now  only  necessary  to  integrate  the  above  expres¬ 
sion  from  Ea.  the  energy  required  to  overcome  the  potential  barrier,  to 
infinity.  ^ 


4Trm  kT 


g(Ep  -  E)/kT_,.l  (2-12) 


For  all  practical  cases,  Ep  -  E  is  in  the  range  of  20kT,  and  E  is  always 
greater  than  Ep’  therefore,  ^(Ef  -E)/kT  is  much  smaller  than  one.  The 
equation  can  than  be  reduced  to: 


4Tr  m  kT 


^(Ep  -  E)  /kT 


(2-13) 


4Tr  m  k2  T^  e  '  "  Ep  )/kT 


(2-14) 


Since  each  electron  carries  a  charge  Q,  the  emission  current  density  J 
equals  QN. 


4Tr  m  Qk2  4^2  (Ea  -  Ep  )  /kT 


(2-15) 


Setting  4-^  m  Q  k2/h3  =  A 
and  Ea  -  Ep/k  =  work  function/k  =  b 
The  above  equation  becomes  Richardson's  Equation: 
J  =  A  t2  e-k/T 


(2-16) 
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c.  Bridge  Techniques  in  Temperature  Measurements  (Ref.  IV-4) 
The  Half  Bridge 


Table  I  jutnmariiei  the  bridge  equations  for  the  various 
configurations.  The  first  type  shown  in  (a)  is  termed  the  half 
bridge  because  two  power  supplies  replace  the  single  supply 
and  the  two  arms’ of  the  full  bridge  shown  in  {cl.  The  bridge 
output,  measured  across  detection  arm  Rg,  is: 

E  _  Ei/Ri  —  <  j  I 

'  1/R,  -f  1/R,  4  1/Rp 

The  tronsducer  is  represented  by  R,,. 

The  null  condition,  obtained  when  Eg  is  zero,  occurs  when 
the  numerator  of  the  right  hand  side  of  (1)  is  zero. 

Rp  =  Rp,,  =  R.  y  (2t 

The  value  of  Rp,  which  is  a  function  of  temperature,  that 
nulls  the  bridge  is  defined  a$  Rp„,  and  deviation  from  this 
value,  AR, 

Therefore: 

Rp  =  Rpo  +  ^R  <31 


For  materials  usually  employed  in  n  resistance  tronsducer, 
Rp  varies  linearly  with  temperature  and,  for  limited  ranges, 
may  be  adequately  described  by  the  linear  approximation: 


Rp  =  Rp(T„|  (1  4-  kAT)  (41 

The  factor  k  in  (4)  is  defined  as  the  temperature  coefficient 
of  resistivity  in  ohms/ohm/degree  and  is  usually  given  at 
d8°F  (20°C>.  For  purposes  of  this  discussion,  Tp  is  the 
tomperoturv  ai  whicli  i!ie  bridge  is  nuiied;  Rpt'Toi  =R  pp  is  the 
corresponding  resistance  of  the  transducer;  and  AT  is  the 
temperature  change  from  To. 

In  equation  form; 


Rpo  =  Rp(T„) 

AR  =  RppkAT 
.  ^  1  /Rp(T,  4-  AT) 

AT^  RpIL) 


(5) 


The  equation  relating  output  to  resistance  variation,  ob- 
toined  by  substituting  (2)  and  (3)  in  (1),  is 


(6) 


From  (4)  and  (6),  two  sensitivities  may  be  derived.  The  first 
relates  output  voltage.  Eg,  to  resistance  change  about  the 
null  and  has  the  dimensions  of  current: 


(7) 


The  second  sensitivity  relates  the  output  voltage  to  changes 
in  temperature: 


Ep  ~  S.AT 
~  S 


AT  =  0 
AT 


(I;') 


(31 


S,  =  E,k 


1 


-  ^  a  ^  r;) 


A  special  case  of  greet  interest  occurs  when  Ei  =  Ej  =  E 
and  R,  =  R..  =  R.  Then; 


3R 


AR 


(9) 


A  practical  condition  often  placed  on  o  bridge  is  the  self 
heating  limitation  within  the  tronsducer,  expressed  as  the 
number  of  watts  dissipated  within  the  probe  to  yield  one 
degree  temperature  rise  for  a  particular  set  of  ambient 
conditions.  Generally,  the  most  conservative  value  is  for  the 
unmounted  transducer  in  still  air.  In  all  other  cases,  the  tem¬ 
perature  change  for  the  same  power  level  will  be  less;  on 
example  is  a  probe  mounted  on  a  plate  or  heat  sink.  The 
probe  manufacturer  generolly  provides  W„„  the  power  sensi¬ 
tivity,  or  power  which  may  be  dissipated  in  the  probe  to 
ochieve  o  given  rise.  This,  In  turn,  provides  a  constroint  upon 
E2  for  the  split  bridge  as  follows: 

Es  <  /R'p  W„,  .  (10) 

In  (10),  R'p  is  the  minimum  expected  value  of  R,,.  When  the 
bridge  is  operated  from  null  with  only  o  positive  output, 
then: 


R  p  —  Rpo 

Under  these  '■i.'cumstances,  the  output  is  related  to  the 
bridge  constants  by 


Equation  (111  define?  the  mo.ximum  sensitivity  for  t.hc  s'/rvi' 
metricol  half  bridge  in  terms  of  the  probe  parameters  clone. 
Similar  constraints  may  be  calculated  for  the  general  case 
of  the  holf  bridge  and  the  full  bridge. 

The  half  bridge  finds  its  best  opplicatlon  when  there  are  a 
lorge  number  of  channels,  since  point  a  of  Table  la  moy  be 
grounded  and  the  output  mcosured  from  b  to  ground,  per¬ 
mitting  the  power  supplies  to  be  common  to  oil  channels, 
and  reducing  the  cost  per  channel.  However,  two  pre¬ 
cautions  must  be  considered  when  employing  the  half 
bridge.  The  first  precaution;  R,,  inusf  be  large  relative  to 
any  leod  wire  resistance  to  prevent  errors  due  to  the 
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variation  c  '  lead  wire  resistance  with  temperature.  If  this 
is  not  possible,  then  the  Siemans  three-wire  equivalent 
bridge  of  Flg.l4bmay  be  employed  with  the  condition  that 
Ri  =  R|,(T„).  Since  the  lead  wire  resistance  contributes 
equally  to  both  legs  of  the  bridge,  the  balance  point  is 
undisturbed  by  lead  wire  resistance.  However,  sensitivity 
factors  are  decreased  by  the  ratio  of  lead  wire  resistance 
to  leg  resistance,  and  sensitivity  also  becomes  a  function  of 
the  change  in  lead  wire  resistance  due  tb  ambient  tempera¬ 
ture  variations.  The  null  condition,  however,  is  unaffected 
by  temperahiie  variations  in  the  lead  wires. 

A  second  precaution  in  employing  the  half  bridge:  If, 
through  any  cause,  the  power  supply  outputs  do  not  change 
in  the  same  proportion,  then  a  fraction  of  the  difference 
of  the  absolute  values  of  their  voltages  will  appear  as  an 
output  voltage.  Thus,  small  power  supply  output  changes 
can  yield  large  errors,  since  E,  and  E;.  are  large  relative  to 
the  available  output.  For  example,  if  Ei  and  E;  are  28  volts 
and  Rg  is  large  enough  to  be  neglected,  then  an  increase 
in  El  to  30  volts  would  increase  the  output  by  half  the 
change,  or  one  volt.  This  would  represent  a  large  error 
relative  to  the  typical  full  scale  of  5  volts.  To  minimize  this 
requires  highly  regulated  bridge  power  supplies  designed 
to  be  extremely  stable  or  coupled  so  that  they  vary  in  the 
same  proportion. 

In  practice,  E,  and  E;  are  generally  not  lower  than  approxi¬ 
mately  5  volts.  This,  in  turn,  limits  the  half  bridge  to  probes 
in  the  10,000  ohm  class. 

Fig  14  a  illustrates  a  practical  holt  bridge  circuit  with  zero 
and  span  adjustments.  In  uppllcutic-n,  "i  is  adjusted  for  the 
desired  output  voltage. at,  for  example,  a  specified  upper 
temperature,  ond  Rp,  a  potentiometer,  is  varied  for  any 
desired  sensitivity  below  the  maximum  available.  As  shown, 
the  adjustments  are  independent. 

For  convenience,  a  precision  adjustable  resistor  is  often 
substituted  for  the  transducer,  and  the  zero  and  span  are 
established  from  the  calibration  chart  supplied  with  the 
transducer  by  the  manufacturer. 

With  El  =  Ej  =  28  volts,  Rg  =  20,000  ohms,  and  Ri  =  R|,o 
=  20,000  for  a  Balco  probe  element  for  which  k  =  0.0045 
Cl/Q/°C,  the  probe  dissipation  is  approximately  39  milli¬ 
watts,  yielding  a  small  self-heating  error.  The  output  sensi¬ 
tivity  is  large  enough  for  the  bridge  to  yield  an  output 
change  of  5  volts  for  a  300”F  temperature  change. 

One  further  point;  The  nonlinearity  of  the  bridge  may  be 
used  to  advantage  with  a  probe  element  that  has  a  positive 
second  order  resistance  temperature  coefficient,  as  in  Balco, 
nickel,  and  tungsten.  The  bridge  can  be  made  to  compen¬ 
sate  for  the  nonlinearity  of  the  resistance-temperature  curve, 
yielding  an  output  voltage  which  is  relatively  lineor  over  a 
wide  temperature  span. 

Transducer-bridge  linearization  may  be  accomplished  by 
determining  the  best  power  series  for  the  rcsistqnce-tem- 
perafure  curve  in  the  range  of  interest  and  by  matching  it 
to  the  power  series  expansion  of  Eg.  By  matching  the  terms 
of  the  series,  the  bridge  constants  may  be  determined  to 
minimize  the  nonlinearity. 


Tlic  Thermistor  I..inear iaation  Bridj'.c 

Thermistors,  since  they  ore  related  to  temperature  by  an 
exponential  function,  are  not  linear  in  any  sense.  However, 
they  are  highly  sensitive  to  temperature  changes  and  find 
wide  use  ir  resistance  thermometry.  One  method  of  ex¬ 
tending  the  equivalent  I'nsar  range  of  a  thermistor  is  by 
employing  Ihc  circuit  shown  in  Table  1  b.  The  combination 
of  the  thermisfot  with  the  voltage  divide  circuit  yields 
^  EKr  FAey' 

R,'T*  Rt  "  P,7'T-  ''Ae''r'''' 

Rt.  Ac'-  ' 

By  choosing  R,  with  the  value: 


»  X,' 


121 


B  —  2T„ 
~  6^+“2T; 


(13) 


the  second  order  term  of  the  expansion  of  Equation  (12)  is 
zero  and  the  maximum  error  in  degrees  is 

G  max  g  0.03  AT‘  B  ’/T,,^  (14) 

over  the  span  .AT. 

It  is  important  to  note  that  T  must  be  in  degrees  Kelvin  or 
Rankine  if  the  scale  is  in  Centigrade  or  Fahrenheit,  respec¬ 
tively.  The  method  can  be  readily  extended  to  bridge  ap¬ 
plications  if  the  detection  arm  presents  a  small  load  to  the 
bridge  arms. 

Thermistor  circuits  have  been  constructed  In  this  manner 
linear  to  within  .2°F  over  the  range  36  to  90°F. 

The  F\ill  Bridge 

General  Case 

The  resistance  bridge  of  Table  Ic  may  be  employed  cither 
in  the  nulling  sense  to  measure  probe  resistance  or  as  a 
meons  for  converting  variations  in  temperature  to  voltage 
across  detection  arm  Rg.  The  exact  equation  relating  bridge 
output  to  resistance  is 

P  _  _  E  Rg  (R,R|,  —  RgR.,) _ 

Ri.iR.  +  RJ(Rg+Rp4  R.)  +  R.PpR^-R.R;^  +  RgR,.lRi +  RJ 

(151 

If  Rp  is  approximated  by  (4),  then  the  null  condition  ob¬ 
tained,  as  with  the  split  bridge,  is 
Rpii  “  RgR-i/Ri. 

The  equation  for  the  deviation  about  null  is: 


(16) 


E  Rg  /R, 
l.Ri 

+  rJ 

1  AR 

R= 

_Rg+R,  +  ^i  (R,-l  Rg)] 

+  AR 

RgT  Rg4 

L  RiH  R.  J 

(17) 

Assuming  the  same  sensitivity  definitions  as  vrith  the  split 
bridge,  then: 

(18) 


5.  = 


ERg  fR, _ \ 

\R.TR./ 


S.  = 


Rs  [r.-('RJ  pi  (R=  H  Rg)] 

■  Cm  «;) 


(19) 


kERg 


RgT  Ri- 


Rr 


(R::  (  Rg). 
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Resistance  in  series  with  the  supply,  E,,  does  not  affect  the 
null.  However,  the  source  appears  more  like  a  current 
source  than  a  purely  voltage  source  and  this  does  effect 
bridge  sensitivity.  Replacing  the  voltage  source  with  a  cur¬ 
rent  source  also  has  the  effect  of  linearizing  the  bridge 
output  for  a  given  R,;,  which  often  is  highly  desirable.  This 
point  will  be  discussed  in  a  later  section. 


The  Ho/f  Symmetrical  Bridge 

A  number  of  special  coses  of  the  full  bridge  arc  particularly 
interesting.  The  first  of  these  is  when 
R.  =  R,  =R 

R«  =  Rpu  =  inR. 

In  this  case  the  two  resistors  in  the  upper  half  are  equal, 
requiring  the  two  in  the  lower  half  to  be  equal  at  null.  Then 
E(R,./R)  AR 


Eg  = 


Sx  = 


S.,  = 


R(m  +  1 )  [  2m+ R,;  (m+l)]  -)  AR| 
R 

_ E  (RJR) _ 

(1+m)  [2mR  4  R*  (m  +  l)] 

E  mRg  k 

(l+m)  [  2mK  +  Kg(ni+li] 


2  m  +  1  +  Re  (m  +  1 )  ] 


(20) 


(21) 


(2,2) 

These  equations  apply  to  the  three  bridge  configurations  of 
Fig  15  in  which  the  transducer  resistance  at  bridge  null  is 
equal  to  mR.  This  causes  the  effect  of  lead  wires  and 
variations  in  the  lead  wire  resistance  to  act  equally  in  both 
legs  of  the  bridge  so  that  the  null  is  undisturbed.  For  the 
same  configuration,  variations  in  R,  appear  in  series  with 
the  power  supply  and  also  alter  the  effective  value  of  m, 
changing  the  sensitivity  constants  of  the  bridge. 

It  is  important  to  know  the  relationship  between  R„,  R  and  m 
for  maximum  power  transfer  to  Rp.  This  is  desirable  for  those 
cases  where  a  power  amplifier  (such  as  a  magnetic  ampli¬ 
fier),  as  opposed  to  a  voltage  amplifier  (vacuum  tube),  is 
employed  as  the  load  or  bridge  detection  arm.  For  maximum 
power  transfer,  R,.  is  related  to  m  and  R  by 
2m 


R,  ^  R 


l+m 


and  E, 


=  (^r) 


(23) 


EAR 


(m+l)  4mR  d  AR  (4m  +  l| 


EAR 


2R  (1  +n!)= 


Em  k  AT 

X (1  4  m)^ 


(24) 


(25) 


The  Completely  Symmetrical  bridge 

In  the  cose  of  the  completely  symmetrical  bridge,  for  which 
m  =  1 , 

E  R,  AR 


4  (R„-l  R)^  H-  AR 

R 


For  maximum  power  transfer  in 
and 


(2R,-|  3R) 

(26) 

(27) 

(28) 

is  case,  m  =  1,  Rj  —  R, 


‘  8R  +  5AR  8R  ~'8 

(29) 

To  determine  the  value  of  m  (the  degree  of  dissymmetry  in 
a  half  symmetrical  bridge)  under,  for  example,  maximum 
power  transfer  conditions.  Equation  (23)  may  be  substituted 
in  (20),  and  the  result  rewritten  os: 


E 

where 


X 

"  T+bx 


m 

2hir+'lT» 

4m  + 1 

7(tirilT 


This  equation  is  plotted  for  various  values  of  m  as  a  function 
of  X. 

Note  that  as  m  decreases  the  effective  sensitivity  at  null 
also  decreases,  but  not  in  the  same  proportion,  and  that 
the  corves  become  more  linear.  In  the  temperature  trans¬ 
ducer  application,  since  the  power  dissipated  in  the  probe 
is  specified  at  some  maximum  value,  then  E,,,,,,  the  maximum 
value  of  the  bridge  power  supply  voltage,  is  permitted  to 
increose  by  the  factor  (m  i  l),  raising  the  effective  sensi¬ 
tivity,  The  table  included  In  Figlfe  illustrates  tha*  the  sensi¬ 
tivity  under  these  conditions  actually  is  higher  than  in  the 
symmetrical  case,  where  m  —  1  oM  referred  to  the  latter, 
as  in  column  4  of  the  table.  Further,  the  curve  of  bridge 
output  versus  X  is  considerably  more  linear  than  in  the 
symmetrical  case. 

The  expenses  of  ochieving  these  two  benefits  ore  a  higher 
power  supply  voltage  and  an  increased  power  dissipation 
in  tl<e  bridge.  However,  both  are  nominal.  There  is  relatively 
little  advantage  in  making  m  smeller  them  0.1  to  0.2. 
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Power  Lirnifafions 

As  in  the  cose  of  the  split  bridge,  the  full  bridge  voltage 
is  determined  by  the  power  sensitivity  of  the  resistance 
transducer  for  a  given  application.  The  voltage  across  the 
probe  at  null  is  given  by  Equation  (10)  and  it  follows  for 
the  case  of  the  half  symmetrical  bridge  that: 

r  _  r  (m  1  )  _  (Id  m)  ./  _ n  innv 


Eniax  E|* 


WmmR 


For  the  symmetrical  bridge: 

E„,„  -  2/'W^  (31) 

To  secure  still  larger  voltages,  the  bridge  may  be  pulsed. 
In  this  way,  the  bridge  output,  a  square  wave,  may  be  quite 
large  if  the  duty  cycle  is  small,  limited  now  only  by  the 
average  power  dissipation  and  the  peak  voltage  specified 
for  the  probe  element  and  housing.  This  technique  is  par¬ 
ticularly  useful  when  a  number  of  temperatures  are  to  be 
measured  and  a  coinmutoted  output  signal  is  desired.  It  is 
important  to  note  that  if  the  bridge  output  is  to  be  single 
ended  and  one  side  of  the  detection  orm  common,  then  one 
power  source  must  be  provided  for  coch  bridge.  If  the 
output  is  differential  then  a  common  supply  may  be  pro¬ 
vided  for  a  number  of  bridges  for  economy. 

Reduction  of  Lead  Wire  Effects 

Fig.ISaillustrates  a  bridge  with  independent  and  variaMe 
null  and  span  adjustments.  As  discussed  previously,  the  null 
is  a  function  of  lead  wire  resistance  and  of  variations  in  the 
resistonce.  The  three-wire  bridge  was  conceived  by  W. 
Siemens  in  1871  os  a  means  for  eliminating  the  effect  of 
lead  wire  resistance  in  the  null.  Several  examples  of  three 
wire  bridges  are  shown  in  (b)  and  (c).  A  rheostat  is  generally 
placed  in  series  with  the  transducer  to  null  the  bridge.  How¬ 
ever,  variation  in  the  contact  resistance  of  the  rheostat 
upsets  the  bridge  null  which  limits  the  bridge  usefulness  to 
relatively  high  resistance  transducers.  Fig.  15d  illustrates 
a  variation  of  the  bridge  with  four-wire  compensation. 

For  the  case  in  Fig.  15d; 

^  E  «  ,  A  R 

-  ~  4mR  |- R,+  ,32, 

E  R.  k  A  T 


For  maximum  power  transfer: 

=  (If  m)  I 

and 

8mR 

~  I  kAT 


kAT 


As  for  the  three-wire  case,  variations  in  lead  wire  resistance 
are  distributed  equally  in  both  arms  and  thus  do  not  affect 
the  bridge  null  but  do  change  m. 

By  adding  a  potentiometer  as  in  Figl5ethe  bridge  becomes 
the  Callendar-Griffiths  Bridge  which  provides  complete  null 
compensation  if  R,  =  R,.  This  type  of  bridge  has  an  ad¬ 
vantage  over  the  three-wire  types  in  that  the  contact  resist¬ 
ance  of  the  null  potentiometer  is  placed  in  series  with  Rr 
and  for  all  practical  purposes  may  be  neglected.  By 
eliminating  the  effect  of  lead  wires  and  contact  resistance, 
the  Callendar-Griffiths  Bridge  is  particularly  useful  when 
the  transducer  resistance  is  low  —  in  the  order  of  10  to 
100  ohms. 

In  the  three-wire  bridge  of  FigslBband  IScsome  lineariza¬ 
tion  is  secured  by  making  m  small,  as  noted  previously; 
useful  results  ate  obtained  for  m  ranging  as  low  at  0.1 
to  0.2. 

It  is  important  to  note  that  variations  in  the  power  supply 
voltage  do  not  affect  bridge  null  but  do  alter  the  sensitivity 
factor  in  direct  proportion. 

Example 

An  example  of  the  use  of  the  full  bridge  is  now  of  interest. 
Assume  a  temperature  prob.  of  1000  ohms  with  a  maxi¬ 
mum  power  dissipation  of  10  mw  for  a  1  °F  self-heating 
error.  It  is  desired  to  secure  maximum  power  to  the  bridge 
detection  arm  in  a  completely  symmetrical  bridge.  For  this 
case,  from  Eq.  (10): 

Em  =  /w;;;!  =  /'O.Ol  X  1000  =  3.16. 

The  value  E,„  3.16  limits  the.  self-healing  error  to  1  ®F. 

For  maximum  power  transfer,  m  =  1 ,  and  the  voltage  across 
the  bridge  is: 

E  =  2  X  3.16  =  6.32  volts, 

Since  m  =  1 ,  R,  =  R-  =  R,  =  1 000  ohms. 

The  null  condition  is  R,,  =  1000  ohms  and 

Er  ~  -iV  ^  =  .79  X  10—^  A  R. 

Vl\ 

This  is  a  sensitvity  factor  of  approximately  .8  mv/ohm. 
Assuming  a  probe  wound  with  Balco  wire  for  which 
k  =  0.0025  SJ/n/°F, 

E  k  A  1  -  1.98  X  10-’  A  T 

8 

for  a  sensitivity  of  approximately  1.98  mv  per  °F.  The 
resistance  of  the  detection  arm  must  be 
Rr  =  R  =1000  ohms 

ond  the  power  available  for  a  1 .8°F  (1°C|  deviation  from 
null  is 

(35x1  0-*l  - 

W  =  E^/R  =  — ^ - ~  0.012  microwatts 
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a.  A  Practical  Split  Bridge 


b.  A  Practical  Split  Bridge 
with  Lead  Wire  Compensation 


Fig.  IV-14  Practical  Split  Bridge  Circuits 
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CONriCUXATION  CONOtnONS  MAI  IfNSITtVITV  tXACT  EOUATION 


Summary  of  Bridge  Equations 


3. 


THRUST  MEASUREMENT  FUNDAMENTALS  (Ref.  IV-5) 


a.  Accelerometer  Technique 


Basically,  the  output  of  three  accelerometers,  mounted  s\ich 
that  each  corresponds  to  the  acceleration  components  along  each  of 
three  platform  oriented  axes,  is  combined  with  outputs  from  force 
sensors  and  a  mass  flow  meter  to  solve  for  both  the  magnitude  and 
direction  of  the  vehicle  thrust.  No  special  device  for  measuring  the 
gravitational  acceleration  is  required  since  the  accelerometer  outputs 
correspond  to  the  algebraic  sum  of  the  inertial  acceleration 
and  the  gravitational  acceleration^^.  Hence,  calling  the  output 
acceleration  from  each  accelerometer  the  total  acceleration  vector 
as  determined  by  a  system  of  three  mutually  orthogonal  accelerometers 
mounted  on  a  thrusting  vehicle  will  be 


a  = 


gL 


=  aj^  Ij  +  a^  1^  +  ^3  I3 


(3-1) 


where  li,  l2>  ^^^ud  13^  represent  the  unit  vectors  in  the  direction  of 
each  of  the  three  accelerometer  axes,  respectively.  The  function  of 
a  computer  to  solve  for  the  rocket  thrust  is  then  reduced  to  that  of 
mechanizing  a  solution  to  the  now  modified  thrust  equation 

T  mT  y  ~Fi  (3-2) 

i  ^  1 


The  two  most  significant  external  forces  that  a  vehicle  will 
encounter  over  its  flight  path  will  be  the  aerodynamic  drag  and  lift  forces. 
When  a.  high  velocity  condition  prevails,  the  aerodynamic  drag  force  is 
quite  large.  If  the  rocket  engine  is  canted  or  swivelled  so  that  it  is  not 
thrusting  a,long  the  longitudinal  axis  of  the  vehicle,  a  component  of  the  lift 
force  exists  in  the  direction  of  thrust  and  must  be  accounted  for.  A  direct 
measure  of  these  forces  seems  unlikely;  therefore,  a  means  must  be 
provided  for  estimating  these  forces  based  on  measurable  quantities.  The 
drag  force,  for  example,  which  depends  on  the  air  density,  velocity  of  the 
vehicle,  angle  of  attack,  and  effective  drag  gee  xetry  might  to  a  first 
approximation,  be  estimated  by  measuring  the  velocity  of  the  vehicle  and 
the  air  density  directly,  or  relating  the  density  to  a  measure  of  the  altitude. 
Similar  approaches  would  apply  equally  as  well  to  the  determination  of  the 
lift  force  or  any  other  significant  aerodynamic  forces.  Admittedly,  these 


Ref.  IV-h  Sam.e  rs  Ref.  227B. 
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estimates  might  be  crude,  but  in  a  high  thrust  condition  such  an  approach 
might  be  adequate-  Refinements  in  the  estimate  could  be  made,  but  at 
the  expense  of  additional  complexity. 


For  flight  regimes  outside  the  atmospheric  envieonmcnts  of  any 
planet,  the  aerodynamic  forces  become  negligible  and  the  determination 
of  the  vehicle  thrust  vector  involves  simply  a  solution  to  the  equation. 

i  =  n 

T  =  M  (aj  1^  +  a2  I2  +  a3  I3)  2^  =  0  '  ’ 

i  =  1 

However,  a  complete  accelerometer  system  for  determining  the  in¬ 
flight  thr  ust  of  a  vehicle  will,  in  general,  include  the  capability  of 
determining  all  forces  acting  on  the  vehicle.  A  functional  diagram  of 
the  complete  system  is  illustrated  in  Figure  IV-  16* 


b.  Application  of  Combined  Accelerometer-Force  Transducer 
to  the  V-  2  Rocket  System 


An  application  of  the  accelerometer -force  transducer  technique 
is  illustrated  here  using  the  characteristics  of  the  German  V-?.  rocket. 

For  this  vehicle  the  weight  Wj  (proportional  to  the  mass  Ml  in  the  text) 
is  considered  to  be  the  entire  propulsion  unit  which  includes  thrust  chambe 
generator,  air  bottle  and  thrust  frame.  This  weight  is  approximately 
2,  OCO  pounds.  "vV^  uL  launch  is  26,  000  pounds  and  includes  payload,  fuel, 
and  containing  structure.  In  terms  of  mass,  then 


Mass  1  or  M) 


2000 

g 


slugs 


and 


Mg  (t^) 


:^0jjc 

g 


slugs 


(3-4) 


(3-5) 


Ho'.vever,  Mg  (t)  is  a  variable  v/ith  time  and  to  calculate  Mg  a.t  any 
time  during  1  arning  the  following  rels-tionship  is  used: 


Mz  U;  =  (>0)  -  mt 


(3-6) 


where  m  is  the  mass  flo\v  rate,  assumed  constant  and  t  is  tbe  time.  In 
the  rase  of  the  V-2, 


300 


slugs /sec 


(3-7) 


and  the  total  burning  time  is  on  the  order  of  65  seconds 
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AceaejfOMers^  I  f 


Jp6Vl^/Vg _ . 

'0<'  tJ  7-2 

»X  'v 


r~Ax/s  1 
cccLf/eoMeref’x 


f/eT‘A/Oft/<  T* 
7y  - 1  f 


_  x><M^e  ^oor 

’ AMmnt^x'^  xsrwp^K 


CCFLOfOM^rXA 


- ■— — 

j  ■■■- 

_ 

- ■ - 1 

ai4.ss~\  vr,  j  r>v.^  [  y'mdt 

/"l  CtV  - - - - V'/v''.'v — —• - j  /S  X - ® - - 

' - ’  njTf^C.RATCifZ 


M^AIo  ~  dt 


-  {rAAi'£'~OXX 

FIc.  IV-16  Mechcinizoti or.  of  tiie  Thrust  Equation 
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Figure  IV-17  shows  the  acceleration  which  is  applied  to  the 
vehicle  during  the  time  that  thrust  is  appl.ied.  This  is  the  acceleration 
which  will  be  measured  by  an  accelerometer  in  the  vehicle. 

Figure  IV- IS  shews  the  linear  decrease  in  weight  or  W ^  due 
to  expulsion  of  the  fuel  and  is  obtained  from  the  previous  equations. 

These  curves  are  applied  to  the  equation  previously  developed 
for  thrust: 


T  =  M  ^a  +  P 


(3-8) 


to  develop  Figure  IV- 19 

The  compression  force  P  as  measured  by  the  force  transducer 
between  the  mounting  brackets  and  the  forward  mass  M^,  (t)  is  presented 
in  Figure  IV- 19  v/here  P  is  given  by 

P  =  M2  (t)  a  (3-9) 

The  relative  magnitudes  or  the  components  which  make  u  p  the  total 
thrust  are  apparent.  Since  the  M^a.  term  i.?  a  small  portion  of  the 
total,  errors  in  due  to  different  amounts  of  fuel  being  present  in  the 
motor  or  errors  in  the  acceleration  due  to  small  structural  deflections 
are  relatively  insignificant  compared  to  the  total  value  of  thrust.  There 
is  one  further  point  concerning  variation  in  weight  of  fuel  that  is  in  the 
motor  at  any  given  time.  That  is  the  fuel  makes  up  only  1/100  of  the 
total  motor  weight,  making  its  effect  on  errors  in  total  thrust  even 
more  in.significant'. 

This  technique  can  be  applied  to  solid  or  nuclear  rochets  as 
well  as  liquids;  however,  special  design  considerations  are  necessary 
to  make  workable  sysLems- 

c.  Liquid  Propellant  Systems 


Consideration  is  :nade  of  the  structural  layout  for  a  typical 
liquid  propellant  rocket,  .Figure  IV-20,  and  a  sirnplified  one-dimensiona 
example  of  the  thrust  phenomena  in  space.  Figure  iV-21  is  presented. 

W  riting  the  equations  of  motion  we  have 


T 


+  (t) 


(3-10) 


where  a  is  tlie  total  thrust  acceleiation  of  tlte  entire  mass  system  as 
measured  by  a  sy.'?tem  of  accelerometers  mounted  on  tiie  vehicle. 
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The  load  P  in  the  mounting  bracket  will  be  a  compression 
given  by  the  expression 

P  =  T  -  M^a  =  (t)a  (3-11) 

solving  for  T  in  Eq  (3-10)  yields 

T  =  Mja  I-  P  (3-12) 

Now  consider  the  vehicle  in  atmosphere-  The  two  major  external 
forces  acting  on  a  missile  are  gravity  and  aerodynamic  influences.  How¬ 
ever,  since  seismic  mass-spring  type  devices  cannot  distinguish  between 
inertial  and  gravitational  type  acceleration,  and  both  masses  in  this 
scheme  are  influenced  by  gravity,  both  sensors  (to  measure  P  and  a) 
will  measure  force  and  accelerations  relative  to  a  freely  falling  body 
and  the  external  force  of  gravity  will  not  be  sensed.  The  aerodynamic 
forces  will  influence  the  a.cceleration  and  load  measurement  as  can  be 
seen  in  the  following  development. 


From  Figure  IV-22  we  write  the  equation  of  motion  for  the 
entire  mass  system 

T  -  D  =  Ml  +  M2  (t)  a  (3-13) 

and  writing  a.  free -body  force  relationship  for  M.^  (t)  we  obtain  for  the 
load  P 


P  =  D  +  (t)  a 


(3-14) 


where  D  is  the  total  drag  force  acting  on  the  missile  and  is  assumed 
to  act  only  on  the  mass  (t). 


Solving  fOi  the  thi-ust  bv  t>ubstituting  Fq  (3  — into  r-q  ^-^-lo) 


we  obtain 


T  =  Mia  +  P  (3-15) 

It  can  be  noted  that  Fq  (3-12)  and  (3-15)  are  identical  showing  that  the 
only  measurements  necessary  to  determine  thrust  while  in  and  out  of 
the  atmosphere  are  the  acceleration  and  the  force. 
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Solid  Propellant  Systems 

An  analysis  of  the  combined  accelerometer -force  technique 
as  applied  to  solid  propellant  rocket  engines  is  illustrated  by  Fig.  IV-23, 
In  this  diagram,  mi(t)  is  the  mass  of  the  rocket  motor  and  fuel,  m2  is 
the  mass  of  the  balance  of  the  vehicle  including  structure,  payload,  etc. 
D  is  the  drag  force,  T  is  the  thrust  of  the  motor,  and  P  is  the  force 
measured  by  the  transducer. 


Summing  the  forces  on  the  vehicle 


=  mta 


T  -  D 


m2  +  rnj 


(3-16) 


Considering  the  payload  portion  of  the  vehicle  only,  the  following  equations 
can  be  written 


Ef  =  ^2^ 

P  -  D  =  ^2^  (3-17) 

Combining  Fq  (3-16)  and  (3-1?)  produces 

T  =  P  +  mi  (t)  a.  (3-18) 

but  mi  is  a  time  varying  function  dependent  on  the  rate  of  discharge  of 
the  propellant,  which  introduces  ihe  original  accelerometer  problem, 
the  measurement  of  iixstantaneous  weight. 

However,  this  technique  can  be  applied  as  well  in  solid  propellant 
rockets  as  in  liquid  rocket  motor  with  the  approach  shown  in  Figure  IV-24, 
In  this  case,  the  force  transducer  is  placed  on  the  motor  shell  directly  in 
front  of  the  nozzle.  The  weight  of  the  vehicle  is  broken  down  into 
wh  ch  is  the  mass  of  the  nozzle  and  any  gas  which  may  be  in  it  and  m^lt) 
which  includes  the  balance  of  the  vehicle,  i.  e.  ,  payload,  propellant, 
rocket  motor  case,  etc.  It  is  worth  noting  that  mj^  is  small  relative  to 
the  balance  of  the  vehicle. 

In  order  to  analyze  rhis  system,  it  is  necessary  to  examine  the 
method  whereby  thrust  is  produced  in  a  rocket  motor.  The  total  force 
on  a  rocket  motor  can  be  considered  as  the  sum  of  the  pressure  acting 
over  the  entire  area  or JPdA.  This  is  shown  in  Figure  IV-ZS, 
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Neglecting  the  pressure  forces  which  do  not  act  axially  and, 
consequently,  do  not  produce  thrust,  the  remaining  forces  are; 

1.  The  force  caused  by  the  pressure  acting  on  the  bulkhead 

2.  The  force  caused  by  the  pressure  acting  on  the 

convergent  section  of  the  nozzle. 

3.  The  force  caused  by  the  pressure  acting  on  the  diver¬ 

gent  section  of  the  nozzle. 


The  force  on  the  bulkhead  is  simply  the  chamber  pressure  times 
the  cross  sectional  area,  or  =  P^A^.  The  pressure  on  the  convergent 
section  of  the  nozzle  varies  from  chamber  pressure  down  to  throat 
pressure  (approximately  one -half  chamber).  The  force  produced  by  this 
pressure  is  equal  to  the  integral  of  the  pressure  over  the  area  of  the 
convergent  section  of  I'2  = ^ Pcon^^con*  The  pressure  on  the  divergent 
section  of  the  nozzle  varies  from  throat  pressure  down  to  something 
less  than  atmospheric.  The  force  produced  by  this  pressure  is  equal 
to  the  integral  of  the  pressure  over  the  area  of  the  divergent  section  or 
F3  -J PfiivdAdiv*  Summing  up  these  forces  and  noting  direction 


P  A 

c  c 


2  3 

-  U. 

J  ~  Cu 


_ dA^ _  "t  P j.’ .,d A 

C'JH  -  Uiv’ — -uiv 

J 


M_1Q\ 


With  this  in  mind,  assume  the  force  measuring  device  is  mounted 
immediately  ahead  of  the  nozzle  and  measures  F^  -  F^*  This  force 
is  called  P.  Now  the  equation  of  motion  for  the  vehicle  can  be  written 
as  follows: 


-  D  =  mj^  +  m2  (t)  a 


(3-20) 


recalling  that  nij^  is  the  mass  of  the  nozzle  and  m2(t)  the  balance  of  the 

x  \_xxxv...i.V'«  xxxv^xx  \^\_*xxicii'.iv^  X.  x.ii^  \^£  \Ji.i±y  y  ulci  xwixL»wi,ii^  <4.0.  i.j. 

can  be  written: 


Fj  -  P  -  D  =  m^  (t)a 


(3-21) 


Substituting  this  into  the  previous  equation  the  desired  res'dt  is  obtained 


T  -  jO  =  m^a  +  F|  -  P  -  P 
T  =  F^  -  P  -t  m^a 


(3-22) 


WADD  TR  61-67 
VOL  I  REV  1 


IV-35 


or,  in  another  fornn 


T  =  P^,A^  -  P  +  m^a  (3-Z3) 

It  is  apparent  that  the  only  additional  measurement  necessary 
to  convert  this  thrust  measuring  scheme  to  solid  rockets  in  chamber 
pressure  at  the  bulkhead  of  the  motor.  This  value  times  the  known 
cross-sectional  area  produces  the  additional  term  necessary  in  the 
thrust  equation. 

Here  again,  is  small  compared  to  the  total,  and  any  error 
due  to  unforeseen  nozzle  erosion  will  contribute  insignificantly  to  the 
total  error  in  the  thrust  measurement.  The  remaining  terms  in  the 
equation  are  either  known  or  accurate  measurement  is  possible  making 
accurate  determination  of  thrust  a  reality. 


e-  Flight  Thrustmeter,  Theory  of  Operation  (Ref.  IV -6) 


The  net  thrust  of  a  turbo-jet  engine  is  equal  to  the  change 
in  momentum  of  the  working  fluids  as  they  pass  through  the  engine 
installation.  Thus: 


Frx=  WgVg/G  -  WaVo/G 


The  above  relationship  may  also  be  stated  as  follows:  net 
thrust  equals  gross  thrust  (wgVg/G)  minus  ram  drag  (waVo/G). 


Ref.  IV-6  "A  Flight  Thrustmeter  for  Turbo-Jet  Engine,”  Schaevit  z 
Engineering  Technical  Bulletin  TR-IQO,  November  27,  1961. 
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TABLE  IV- 2. 


DEFINITION  OF  TERMS 


STATIONS 


© 


Inlet 


Diffuser 

and 

Duct 


©  © 


Compressor 


Burner 


Turbine 


©  © 

Exhaust  Pipe  ' 

or 

Afterburner 

Exhaust 


© 


Exhaust 

Nozzle 


Jet 


SYMBOLS 

SUBSCRIPTS 

A . 

Cross-section  urea 

in2 

a . 

Air  (wa) 

C,  K . 

Coefficient 

F.  Fg,  Fn  . 

Thrust,  gross 

am  .  .  .  , 

Ambient  (Pam) 

thrust,  net  thrust 

•  lb 

cr  .  ,  .  . 

Critical  (F^r) 

C . 

Acceleration  due 

g . 

Gas  (wg).  Gross  (Fg) 

to  gravity 

ft/sec^ 

k . 

Ratio  of  specific 

heats  (cp/cv) 

•  .  .  *  »  • 

Net  (Fn) 

m . 

Mass 

Slug, 

lb-sec2/ft 

o . 

Standard  sea  level, 

Pt,  Pt6 _ 

Total  pressure 

Ib/in^ 

To  =  518. 4°R, 

R . 

Gas  constant 

ft-lb/lb-°F 

Po  =  29-92  in  Hg 

T.  Tt6  .  .  . . 

Absolute  total 

Vq  =  velocity,  air  speed 

temperature 

Rankine,  Kelvin 

c 

0 

t . 

Total  (Stagnation) 

V . 

Specific  volume 

ft3/lb 

(Pt6) 

V . 

Velocity,  airspeed 

ft/sec 

w . 

Weight  rate  of 

I,  2,  3  .  . 

Stations  as  shown  on 

flow  (w^) 

lb/ sec,  Ib/hr 

above  sketch 

A  (Delta)  . 

Finite  difference 

(  4  p) 
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When  there  is  no  forward  speed  =  0),  the  net  thrust  is 
equal  to  the  gross  thrust.  The  gross  thrust  of  a  turbo-jet  installation 
can  be  determined  easily  and  accurately  on  the  ground  by  means  of  a 
thrust  cradle  which  measures  the  forward  force  on  the  installation. 

In  this  brief  summary,  no  attempt  will  be  made  to  develop 
the  relationships  here  stated; 

For  Pam/Pt6  numerically  greater  than  critical  (sub- critical 

flow). 


Fg  -  7.97  K  A7  Pt6 


Pam  \ 

0. 749 

1  Pam 

Pt6  1 

1 

(1) 


For  Pam/^t6  numerically  less  than  critical  (critical  flow), 


j;  g  =  1 . 90  i  K  A7  Ft6 


0. 2509 


/TV 


\‘-'l 


At  critical  pressure,  both  equations  yield  the  same  result. 

For  K  =  1.  335  (an  average  value  of  the  ratio  of  specific  heats),  the 
critical  pressure  ratio  is  Pam^^tG  “  0.539. 

Equations  (1)  and  (2)  can  be  used  to  calculate  a  thrust,  given 
values  for  the  variables  '^7*  value  for  can  be  obtained 

from  the  engine  by  means  of  a  pressure  probe  or  a  rake  inserted  in  the 
flow  path.  The  value  for  Pam  be  obtained  from  a  tee  connection  in  the 
altimeter  line.  The  value  for  A7  can  be  determined  by  physically  measuring 
the  diameter  of  the  outlet  of  the  engine  exhause  nozzle.  Actually,  the  values 
thus  obtained  will  not  be  the  effectiv^e  values  because  (1)  the  efficiency  of 
the  pressure  probe  or  rake  will  not  be  100%,  (2)  the  gas  expansion  results 
in  a  vena  contracta  of  the  jet  thus  realizing  a  different  effective,  area  than 
the  one  measured,  and  (3)  minor  variations  affect  the  ratio  of  specifi  c  heals, 
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If  the  actual  gross  thrust  is  determined  by  static  operation 
on  a  thrust  cradle  and  divided  by  the  tfieoretical  thrust  as  determined 
by  the  above  formulas,  the  ratio  will  be  a  thrust  coefficient  or  calibra¬ 
tion  factor  represented  by  K  in  ecpiations  (1)  and  (2).  Once  the  value  of 
K  has  been  determined,  it  can  be  set  into  the  Thrustmeter  by  means  of 
a  simple  adjustment  in  order  to  yield  correct  readings. 

The  tlirust  coefficient  remains  sensibly  constant  over  the 
operating  range  for  any  one  type  of  installation.  Its  value  is  usually 
somewhat  less  than  1. 

The  relationships  defined  by  equations  (1)  and  (2)  have  been 
plotted  in  figure  IV-26,  In  plotting  the  curves,  both  sides  of  the  equations 
have  been  divided  by  K  The  theoretical  engine  performance  is 

represented  by  a  composite  curve  consisting  of  the  dotted  curve  (sub- 
critical)  to  the  left  of  the  critical  pressure  ratio  and  the  solid  curve 
(super-critical)  to  the  right. 

It  may  be  seen  that  the  super- critical  formula,  if  extended 
to  the  left  as  indicated  by  the  solid  curve  ABC,  closely  approaches  the 
composite  curve  A'BC  within  the  pressure-ratio  range  of  0.  3  to  0.  7. 

The  range  of  values  of  the  pressure  ratio  ^am  between 

0.  3  and  0.  6  (and  to  a  lesser  extent  between  0.  6  and  0. 7)  represents  tire 
region  of  engine  operation  in  which  a  knowledge  of  the  thrust  value  is  of 
greatest  interest.  The  region  beyond  0.  3  represents  power  and  flight 
speed  beyond  tlie  usual  capability  of  the  engine  and  air-frame,  while  the 
region  beyond  0.  7  represents  idling  and  low-power  operation  well  below 
normal  flight  conditions. 

The  Thrustmeter  may  be  adjusted  to  follow  either  curve  ABC 
or  A'BC,  whichever  is  desired,  A'BC  being  slightly  more  accurate. 

Simplified  Formula 

Equation  (2)  may  be  simplified  by  a  straight-line  approxi¬ 
mately  between  the  normal  working  limits  of  pressure  ratio  0.  3  to  0.7 
with  very  little  loss  in  accuracy  (0.  35%  at  the  point  of  maximum  deviation) 
to  the  forni 

Fg  -  1.278  K  A7  (Pt6 '0.808  Pam)  (3) 

This  equation  is  comparatively  easy  to  mechani;ie. 
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of  adjuTitinorits  provided  in  the  Thrui-tjneter,  a  strii.i.gh!.  line  could  be 
fitted  to  the  composite  curve  A'bC  if  desired  instead  of  ABC,  In  tJiis 
case,  if  thi;  line  were  fitted  to  keep  the  deviation  at  the  upper  end  with¬ 
in  0.  5%  of  full  scale,  tliere  v/ould  be  some  loss  of  accuracy  at  the  lower 
end.  Down  to  .a  pressure  ratio  of  0.  66  me  deviation  would  still  be  below 
0.  5%,  but  it  would  reach  1.  Z%  at  a  pressure  ratio  of  0.7. 

Any  discu.s.sion  about  matching  the  theoretical  curves  witiiin 
a  fraction  of  1%  is  probably  ac.ade.'nic ,  for  wiiile  the  Thrustm.oter  itself  is 
capable  of  such  accuracy,  tlie  actual  engine  performance  curves  may  differ 
somewheat  from  the  theoretical  curves  of  figure  IV -26  because  of  minor  differ¬ 
ences  betw'een  the  nomiTial  and  the  actual  para-Uieters.  A^^ailable  data, 
however,  indicate  tliat  actual  engine  curves,  if  they  do  not  exactly  con¬ 
form  to  the  curves  of  figure IV ■- 26 ,  are  at  least  of  the  same  forn-j,  and  in  p;ar- 
ticular,  that  they  can  be  c.lossly  approximated  by  straight  line.s. 

For  the  reason, s  given  above,  it  is  believed  that  the  Thrust- 
meter  based  on  a  straight-] ine  approxi.matioo  will  prove  to  give  more  accurate, 
stable,  and  reliable  operation,  and  to  be  simpler,  yet  more  versrxtile,  in 
calibration  than  a  liirustmeter  which  attempts  to  solve  the  thrust  formula 
cxa.c.tly . 

MECHANIZATION 

Remembering  that  all  pressure  values  in  equation  (3)  are  in 
absolute  units,  tlie  equation  can  be  written 

Fg  ::  (Pt6“Pa)  -  0.808  (Parn  -  Pa )  -0.192  (0-Pa)  (4) 


Tliree  Bourdon  tubes  are  used,  one  connected  to  the  rake 
measuring  (IVj  -Pa)-  41ie  second,  connected  to  a  source  of  ambient 
pressure,  mieasures  Pan.rPa7  1^®  third,  which  is  evacuated  and  sealed, 
measures  0-Pa  simply  Pg  •  It  will  be  noted  may  diffe,r  from 

Pam  since  F’a  repx’e&ents  the  pressure  surrounding  the  Bourdon  tubes  and 
Pam  pres.=  ure  outside  the.  aircraft. 

Measurement  of  the  Bourdon  tube  tips  is  accomplished  using 
Schaevitz  Bincar  Variable  Diffe.rential  Transformei  s  (LVDT's).  The  out¬ 
puts  of  the  three.  LVDT's  are  connected  into  adjustable  voltage  divider 
networks,  the  Pan',  tmit  being  reduced  in  the  ratio  0,  S-OS  and  tJie  vacuum 
LVDT  in  the  ratio  of  0.  192  cornpiaied  with,  the  Pj_(j  These  .setting:?  correspond 
to  the  coefifi  c:i  ents  in  eqnaticji  (4). 
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The  outputs  o±  the  LVDT’s  are  closely  phase  matched,  csiising 
the  outputs  to  combine  algebraically  when  connected  in  series.  Negative 
signs  are  represented  by  apposite  phase.  In  this  manner,  a  voltage  is 
produced  which  changes  proportionally  to  gross  thrust.  A  fourih  LVDT 
is  added  in  series,  its  core  position  beiiig  manually  adjustable  so  as  to 
concel  out  any  bias  voltage  resulting  in  a  net  output  accurately  propcrtional 
to  gross  thrust. 
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4.  Bio- Distrumentation  (Rc-f.  IV-7) 

The  School  of  Aerospace  Medicine  at  San  Antonio  has  the 
greatest  experience  and  the  most  advanced  approach  in  terms  of  flight 
instrumentation  for  blood  pressure  measurement.  They  have  two  iii- 
strumented  F-lOO  aircraft  in  which  blood  pressure  records  can  be  taken 
during  flight.  One  of  their  units  has  been  flown,  in  a  TF-102  at  the  AFF'TC, 
Ed'wards  Air  Force  Base.  The  instruments  are  individually  made  by  the 
shop  at  SAM.  A  great  deal  of  de-hugging  and  reliability  work  has  gone 
into  the  current  devices.  They  are  small  enough  to  be  included  in  a  seat 
kit,  which  also  contains  other  physiological  transducers.  The  information 
is  telemetered  during  .flight.  Limitations  have  to  do  w.ith  the  fixed  nature 
of  the  blood  pressure  program;  a  cam  repeats  the  cuff  inflation  cycle  at 
any  cliosen  time  interval,  depending  on  the  cam  u.sed  and  the  rata  of  drive 
of  the  motor.  The  system  could  be  further  miniaturized.  The  device  is 
particularly  adap'^ed  to  usage  in  fighter  aircraft. 

Ames  Research  Center  at  Moffett  Field,  California,  has 
constructed  a  device  derived  from  the  SAM  design,  with  certain  improve¬ 
ments  in  mechanical  features,  layout,  and  packaging.  The  development 
is  based  in  part  oii  the  flight  experience  at  Edv.'ards  Air  Force  Base  with 
the  early  SAM.  unit.  Plans  for  further  improvement  were  iiiitiated  by 
submitting  the  design  to  Datala.b  Division  of  Consolidated  Electrodynamics 
Corporation  for  critical  appra.!,sal  and  recommendations  for  reducing 
bulk  and  increasing  reliability,  safety,  and  signal  strength.  The  pre¬ 
sent  device  is  significantly  affected  by  acousllc  no.rue  in  the  environment 
and  by  movement,  the  weake.st  element  being  the  microphone,  an  inex¬ 
pensive,  small  hearing  aid  device.  While  it  has  been  successful!/  used 
on  the  centrifuge  and  in  flight  (at  least  sevel  flights  in  tlic  T-33,  eight 
in  the  F-104B),  it  does  not  appear  suitable  for  space  vehicle  usage  in  its 
present  form . 


At  AiB.esearch,  a  demonstrator  model  has  been  made. 

It.s  particular  advantage  is  that  the  method  appears  to  be,  of  any  seen,  the 
least  affected  by  noise  in  the  environment  and  movement  on  the  part  of  the 
subject'  This  is  achieved  through  the  use  of  a  special  broad  surface  co.t:- 
tact  microphone  which  is  quite  direction?!  --  that  is,  it  ignores  inputs 
from  the  back  of  the  housing.  Finally,  the  signal  froa,  the  microphone 
is  pas.sed  through  a  very  i, arrow  baud  po.ss  filter'  centered  at  35  cjjs. 

Ttiis  frequency  probably  represents  a  harmonic  for  the  basic  resonant 
frequency  in  the  arterial  system  .  Body  iciotions,  such  as  a  circular 
motion  of  the  forearm,  do  not  obscure  the  pulse  signal,  although  the 
pressure  trace  is,  of  course,  affected.  External  noise  fields  affect  it 


Ref,  IV-7  Sanae  as  Ref.  236 
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very  little.  Special  adaptation  of  this  device  to  the  Mercury  capsule  is 
presently  under  way,  the  company  being  already  familiar  with  installation 
restrictions . 

Wright  Air  Development  Division  has  a  device  made  by 
the  Systems  Research  Laboratories  of  Dayton  for  monitoring  subjects  under 
various  kinds  of  experimental  stress.  This  is  the  Cadillac  of  automatic 
blood  pressure  devices.  An  electronic  computer-programmer  which 
controls  cuff  inflation  causes  the  cuff  to  inflate  up  to  the  diastolic  pressure, 
detect  diastolic  pressure,  confirm  it  by  insisting  on  coincidence  of 
aiterial  sound  with  puffs  of  air  frc'm  the  cuff,  waits  for  a  confirming  second 
sound  and  cuff  pttff,  then  rapidly  inflates  and  searches  for  systollic  pressure 
in  the  Scirne  way.  The  readout  of  the  device  is  in  terms  of  the  two  pressures, 
systollic  and  diastolic.  I’he  device  is  strictly  a  laboratory  unit  in  its 
presnet  form..  It  is  presently  in  use  in  water  flotation  studies  in  the  Bio¬ 
physics  Branch. 

Systems  P.e search  i..ab oratories  of  Dayton,  which  made  the  WADD 
device,  has  just  completed  a  miniaturised  and  transistorized,  self-contained 
unit  for  field  use,  for  the  Civil  Aeromedical  Research  Instihite  (CARI)  of 
the  Federal  Aviation  Agency,  Oklahoma  (Sty.  The  device  is  identical  in 
operation  to  the  one  made  for  V/A.DD,  but  it  contains  its  own  small  gas 
bottle  svi-pplj’  and  a  telen.etering  transmitter,  all  packaged  neatly  in  a  box 
measuring  approximately  10  x  12  x  3  i.-iches.  The  weigl  t  of  the  unit  is 
approximately  10  pounds.  This  device  has  been  built  for  a  specific  purpose,  so 
that  certain  other  features  --  for  example,  flexibility  of  program  --  are 
limited  fc.>r  space  applications,  Hov.'ever,  the  basic  instrument  is  extremely 
adaptable  to  any  situatiorx.  Limitations  include  inexperience  of  this  company 
with  missile  hardware,  and  limited  experience  with  getting  rid  of  movement 
and  noise  artifacts. 

In  summary,  the  device  most  nearly  ready  and  suitable  is  that 
offe  d  by  AiResearch.  The  expei-ience  at  the  School  of  Aerospace  Medicine 
and  *  mes  is  valuable  and  pertinent.  The  device  made  by  Systems  Research 
Laboratories  is  perhaps  the  most  attractive  from  the  data-handiing  and 
programnjing  standpoint. 
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PRESSURE  TRANSDUCER  EVALUATION  PROCEDURE(GENERAL) 


1.  Scope  -  This  procedure  will  be  used  in  evaluating  pressure 
sensing  transducers  at  DRP,  Edwaras  AFB. 

2.  Test  Equipnaent  and  Procedure 

2.  1  Test  Equipment 

2.  1.  1  The  output  voltages  in  the  range  of  0  to  1.4  volt 
will  be  measured  with  a  Leeds  and  Northrop  K3  Potentiometer. 

This  system  will  provide  an  accuracy  of  ±  0.  05%  of  the  reading. 

2.  1.  2  Output  voltages  in  the  range  of  1. 4  volt  to  5  volts 
(D.  C.  )  will  be  measured  with  a  John  Fbake  Company  Model  801 A 
differential  voltmeter. 

2.  1.  3  Any  D.  C.  supply  input  voltage  will  be  monitored 
during  all  testing  by  a  J.  Fluke  Company  Model  801 A  differential 
voltmeter. 

2.  1.  4  Pressures  will  be  provided  by  an  oil  deadweight 
tester  in  the  )  00  to  5000  psi  range,  while  pressures  up  to  100  psi 
will  be  measured  by  means  of  an  electro-manometer  or  air  dead- 
v/eight  tester,  each  capable  of  ±0.  1%  static  accuracy  or  better, 

2.  1„  5  The  environmental  temperatuia  j  applied  to  the 
transducer  will  be  measured  by  a  laboratory  mercury  thermometer, 
The  environmental  temperatures  will  be  applied  with  a  Statham 
temperature  chamber, 

2.  I,  6  Atmospheric  pressure  will  be  monitored  with  a 
recording  barometer  when  absolute  pressure  transducers  are 
tested. 

2.  1.  7  A.  Tektronix  Oscilloscope  with  approjrriate  plug-in 
unit  (and  auxiliary  amplifier  if  needed)  will  be  used  in  Section  5 
to  monitor  the  transducer  output  'voltage. 
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Test  and  Data  Procedures 


2.  2 


2.  2.  1  The  test  procedures  will  be  carried  out  with  the 
utmost  care  and  precision.  Any  deviation  from  the  procedures 
must  be  approved  by  the  Test  Engineer  and  should  be  noted  on 
the  test  data  sheet. 


2.  2.  2  All  test  equipment  and  power  supplied  v/ill  be 
activated  and  allowed  to  stabilize  for  at  least  6  hours  prior  to 
making  any  measurements.  The  L  &  N  K3  potentiometer  and 
associated  equipment  should  be  connected  and  allowed  to  stabilize 
at  least  15  hours  before  measurements  are  made. 

2.  2.  3  The  test  data  will  be  recorded  in  duplicate.  The 
original  copy  will  be  submitted  to  the  Test  Engineer,  while  the 
duplicate  will  be  kept  by  the  Technician  conducting  the  test. 

2.  2.  4  The  transducer  manufacturer's  name,  model  and 
serial  number  and  range  will  be  recorded  on  each  data  sheet.  In 
each  observation  in  Section  3,  4,  5,  &  6  the  input  and  output  voltages  of  the 
transducer  will  be  recorded„  The  pressure  applied,  date,  time 

of  day,  and  environmental  temperature  will  be  recorded  for  each 
observation  made  under  Sections  3,  4,  5,  and  6.  The  atmospheric 
pr  essure  recording  (2.  1.  6)  will  be  included  with  the  test  data  if 
an  absolute  pressure  transducer  is  being  tested. 

3.  Static  Accuracy 

3.  1  Linearity  ^nd  Hysteresis 

3.  1.  1  The  linearity  and  hysteresis  of  the  pressure  trans¬ 
ducer  will  be  checked  by  applying  pressure  in  five  (5)  equal  steps 
in  the  up-scale  dii-ection,  increasing  from  zero  to  full  range 
pressure,  followed  by  five  (5)  equal  steps  in  the  downscale 
direction,  decreasing  from  full  range  to  zero  pressure. 

3,  1,  2  Step  3.  1.  1  will  be  done  three  (3)  times. 

3.  1.  3  The  hysteresis  at  any  point  will  be  determined  by  the 
following  expression: 

Percent  Hysteresis-  I  Down  scale  output  reading  -  upscale  output  reading|xI00 

I  Fiill  range  reading-zero  reading  (downscale) 
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3.  1.  4  The  percent  non-linearity  at  a  specific  point  will  be 
determined  by  the  following  relationship: 


%Non -linearity 


=  Output  reading  at  the  press,  point  (downscale) _ 

Full  range  output  -  output  at  zero  press,  (downscale) 


Input  Pressure  I  x  100 
Full  range  press.  J 

The  non-linearity  will  be  calculated  using  the  data  points  which 
decrease  from  full  range  to  zero  pressure  in  3.  2.  1. 


3.  2  Effect  of  Supply  Voltage  Change 

3,  2.  1  The  supply  voltage  will  be  varied  in  3%  steps,  two(2) 
above  and  two(2)  below  the  rated  supply  voltage  with  full  range 
pressure  applied  to  the  transducer.  Repeat  this  series  of  measure¬ 
ment  two  times. 

3.  3,  2  The  results  will  be  recorded  along  with  the  environ¬ 
mental  temperature  and  time  of  day  as  per  Section  2.  2  for  zero  and 
full  range  pressure  for  each  supply  voltage  step. 

3.  3  Functional  Zero  and  Sensitivity  Drift 

3.  3,  1  Supply  voltage  will  be  applied  to  transducer  and  it  will 
be  allowed  to  stabilize  for  15  minutes  just  prior  to  a  0  to  3.  5  hour 
test  period.  During  this  stabilization  period,  the  hydraulic  system 
will  be  exercised  and  the  measurement  system  tested. 

3.  3.  2  At  time  zero,  full  scale  pressure  will  be  applied 
and  approached  from  the  down  scale  side.  The  pressure  is  re¬ 
laxed  and  zero  pressure  is  approached  from  the  up-scale  direction. 
Recordings  as  per  Section  2.  2  are  made  for  the  zero  and  full  range 
pressure.  Ambient  temperature  and  supply  voltage  will  be  held 
constant  throughout  the  test. 

3.  3.  3  Step  3.  3.  2  is  repeated  every  15  minutes  for  the  first 

60  minutes  and  once  every  30  minutes  for  the  remaining  2.  5  hour  period. 

4.  Temperature  Effects 

4.  1  Static  Temperature  Effects 

4.  1.  1  The  transducer  will  be  subjected  to  25°  C  steps  of 
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temperature  and  allov/ing  the  transducer  to  "soak"  for  90  minutes 
at  each  temperature.  The  25° C  steps  will  extend  from  room  temperature 
to  the  extreme  low  and  high  operating  temperature  ratings  specified  by 
the  manufacturer.  When  the  transducer  has  stabilized  at  the  particular 
temperature,  full  range  pressures  approached  from  downscale  and  zero 
pressure  approached  from  upscale  will  be  applied  followed  by  an 
electrical  unbalance  resistor  applied  to  the  bridge  of  the  transducer 
set  for  80%  of  full  range  output  voltage  at  room  temperature  (25°  C). 

Data  as  per  2.  2  will  be  recorded. 

4.  2  Dynamic  Temperature  Effects 

4.  2.  1  The  Temperature  will  be  increased  at  the  rate  of  10  degrees  C 
in  a  5  minute  period.  This  increase  will  continue  until  the  maximum 
rated  operating  temperature  has  been  reached.  Zero  pressure  output 
reading  approached  from  an  up-scale  direction  and  the  full  range 
pressure  output  reading  approached  from  a  down-scale  direction  will 
be  recorded  at  25°C  intervals  starting  at  room  temperature  (25°C) 
and  extending  to  the  upper  temperature  limit  specified  by  the  manu¬ 
facturer.  The  data  recordings  specified  in  2.  2  will  be  made. 

5.  Vibration  Effects 

5.  1  The  transducer  will  oe  subjected  to  the  following  vibrations 
in  a  direction  normal  to  its  major  axis  with  full  supply  voltage  and 
atmospheric  pressure  applied. 


Frequency 

Force 

Tinre 

(cps) 

(G»5) 

(sec) 

20 

10 

30 

50 

30 

15 

100 

30 

15 

200 

30 

T  C 

1  ^ 

500 

30 

15 

750 

35 

15 

1000 

35 

10 

1  250 

35 

10 

1500 

55 

10 

2000 

20 

10 
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5.  2  The  output  voltage  of  the  transducer  subjected 

to  vibration  will  be  monitored  with  auxiliary  amplifier -oscilloscope 
combination  with  a  combined  vertical  sensitivity  as  defined  by  the 
following  equation. 

Vertical  Sensitivity  (v/cm).  <C  j  Full  Range  Transducer  Output  Voltagej 

600  CM 


).  <  p 


5,  2.  1  Data  as  per  2.  2  will  be  recorded,  along  with 

observed  peak  to  peak  output  voltage  caused  by  the  applied  vibration. 

6.  Dynamic  Accuracy 

6.  1  The  following  tests  will  be  conducted  on  the 

Shock  Tube. 


h-'' 


6.  1.  1  Three  "shots"  will  be  made  on  the  shock  tube  at 

the  highest  practical  and/or  reliable  full  range  pressure.  An 
oscilloscope  photograph  will  be  made  of  each  shot.  An  AFFTC  form 
0-336  v/ill  be  completed  for  each  shot  and  the  photograph  attached. 

6.  1.  2  The  environmental  temperature,  transducer 

input  voltage,  and  time  of  day  will  be  recorded  as  per  Section 

2.  2, 


7. 


Dielectric  Test 


7.  1  The  resistance  to  ground  or  case  of  each  lead 

at  the  connector  both  input  and  output,  will  be  checked  at  a  voltage 
of  50  volts.  The  resistance  will  be  measured  under  laboratory 
environmental  conditions  at  room  temperature.  The  resistance 
of  each  lead  and  environmental  temperature  will  be  recorded. 
Caution:  Do  not  apply  the  50  volts  between  any  two 

pins  of  the  transducer. 


-'.'.‘J 


8. 


Special  Tests 


8.  1  Special  tests  will  be  added  to  this  procedure 

from  time  to  time  by  the  Testing  Engineer  to  cover  the  special 
characteristics  of  certain  pressure  transducers. 


■■■1 

I9J 
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USER'S  COMMENTS 


In  the  interest  of  providing  future  revisions  to  the  Telemetry 
Tra,nsducer  Handbook  with  improved  technical  content  and  usefulness 
to  the  reader,  it  is  urged  that  the  following  questionnaire  be  completed 
and  returned  to  the  following : 

Radiation  Incorporated 
Melbourne,  Florida 

Attn;  Telemetry  Transducer 
Handbook  Project 


VOLUME  I 

Section  I  -  Radio  Telemetry  Systems 


The  purpose  of  this  section  is  to  provide  basic  information  and 
fundamental  characteristics  of  the  transmission  systems  used  in  overall 
telemetry  systems.  The  discussion  along  with  over  100  selected  referenc¬ 
es  attempts  to  describe  the  principle  of  operation  of  various  techniques 
and  present  in  general  the  considerations  involved  in  the  use  of  each 
technique . 

I  I  Sufficient  basic  information  is  presented. 

□  Recommend  additional  technical  data  be  pre¬ 
sented  for  those  systems  described  in  this 
section. 


u  Recommend  the  following  systems  be  added  in 
future  revisions  of  the  Handbook: 


I  ]  Comments  being  sent  in  separate  letter. 
□  No  comment. 

Section  II  -  Transducer  Fundamentals 


-A- 


This  section  attempts  to  px-esent  a  discussion  of  basic  funda¬ 
mentals  in  the  measurement  of  physical  parameters,  and  how  they  are 
or  may  be  used  in  the  translation  of  the  measurement  to  ausable  signal 
as  employed  in  telemetering  systems. 

□  Technical  coverage  of  types  of  measurements 
described  in  this  section  needs  improvement, 
specifically,  _ 


Technical  coverage  of  types  of  measurements 
presented  is  adequate,  for  my  purposes. 


The  following  types  of  measurements  and  associat¬ 
ed  instrumentation  should  be  included: 


□  Comments  being  sent  in  separate  letter. 

□  No  comment. 


Section  III  -  Transducer  Applications 


In  this  section  an  attempt  is  made  to  present  a  few  examples  of 
overall  instrumentation  requirements  encountered  in  tests  and  oper¬ 
ational  flight  programs,  general  aspects  in  the  selection  of  the  instru¬ 
mentation  hardware,  and  associated  application  details  of  some 
devices . 

[  This  section  should  include  the  following  applica¬ 
tions  of  teleiiieLi  y  tx’aixsduce rs ;  _ _ _ 


The  following  sources  of  information  are  sug¬ 
gested:  _ 


□  Will  submit  recoininendcd  data  under  separate 
cover . 

QJ  Comments  being  sent  in  separate  letter. 

□  No  comment. 


Section  IV  -  Testing  and  Calibration 

The  material  presented  in  this  section  has  been  compiled 
from  technical  reports  and  manufacturer's  bulletins  solicited  for 
inclusion  in  the  Telemetry  Transducer  Handbook.  The  desire  is 
to  present  information  on  the  considerations  involved  and  methods 
and  techniques  used  to  test  and  calibrate  various  transducer 
devices . 

□  This  section  should  include  testing  and  calibra¬ 
tion  techniques  pertaining  to  the  following  trans¬ 
ducer  types: _ 


[  ~|  The  following  information  sources  are  suggested 


□  Will  submit  recommended  data  under  separate 


cover . 


□  Comments  being  sent  in  separate  letter. 

□  No  comment. 

Section  V  -  Testing  and  Calibration  Facilities 

The  information  presented  in  this  section  was  obtained  by 
solicitation,  from  testing  laboratories,  government  agencies,  trans 
ducer  users  and  manufacturers. 


u  Recommend  data  be  requested  from 


[  I  Will  submit  data  under  separate  cover. 


Section  VI  -  References 

The  original  format  of  the  handbook  endeavored  to  cite  all 
references  both  in  footnotes  at  the  bottom  of  the  associated  page  and 
in  a  numerical-order-of-appearance  listing  in  a  Reference  Section  of 
the  handbook.  The  large  number  of  references  pertaining  mainly  to 
suggested  detailed  discussions  made  footnoting  unwieldy.  A  comment 
is  desired  as  to  the  reader's  preference  on  placement  and  usefulness 
of  reference  notations. 

□  Footnotes  only  are  sufficient. 

n  A  List  of  References  only  is  sxifficient. 

n  Both  Footnotes  and  a  List  are  desirable. 

□  Li.st  of  References  should  appear  at  end  of  each 
section. 

□  Recommend  the  following  improvements  in 
denoting  reference: 


□  Comments  being  sent  in  separate  letter. 
n  No  comments . 


Section  VII  -  Bibliography 


Recommended  bibliographical  material  being 
submitted  under  separate  cover. 


Index  to  Bibliography  may  be  improved  in  the 
following  manner; 


Bibliography  at  end  of  each  section  is  desired. 


Comments  being  sent  in  sepairate  letter. 


No  comment. 


Appendix  I  -  Telemetry  Standards 

□  Comments  being  sent  in  separate  letter. 

□  No  comment. 

□  Telemetry  Standards  pre.sentation  could  be 

improved  by: _ 


Recommended  reference  material  to  add  to 
Telemetry  Standards:  _ 


Appendix  II  -  Glossary  of  Telemetry  Transducer  Terms 


[  ~j  Comments  being  sent  in  separate  letter. 
□  No  comment. 


Appendix  III  - 

□  Conaments  being  sent  in  separate  letter. 

□  No  comment. 

VOLUME  11 

Section  I  -  Transducer  Manufacturers 

□  Recommended  changes  and  additions  are  being 
submitted  in  a  separate  letter. 

f~-i  . . 

LJ  No  comm.ent. 


Sections  II  and  III  -  Non-Switching  and  Switching  Transducers 

I  I  The  following  transducer  types  should  be  added 
in  future  revisions  to  this  volume; 


□  Data  sheet  format  is  satisfactory. 

{  I  Specifications  are  too  numerous  and  detailed,  in 
the  majority  of  data  sheets. 


Recommendations  being  submitted  in  a  separate 
letter. 


No  comment. 


-F- 


Section  IV  -  Drawings 


Separation  of  drawings  from  data  sheets: 

□  is  not  objectionable,  □  is  objectionable 

□  Comments  being  forwarded  in  a  separate  letter. 

□  No  comment- 

Section  V  -  Research  and  Development  Programs 

□  Format  should  be  expanded  to  include  the  fol¬ 
lowing  information: _ _ 


i  i  Comments  being  forward 


ci^ci  111  ScL/d-rdic 


^  t-f  1  i  i-»  T. 


No  comment. 


The  above  comments  are  presented  from  the  following  viewpoint 
I  I  Engineering 
I  I  Engineering  supervision 
(  I  Sales 


□ - 

When  available,  revisions  and  supplementary  handbook  pages 

I  [  are  desired 
□  are  not  desired. 


Revisions  and  supplementary  pages  should  be  mailed  to  the 
following  individual,  who  will  be  cognizant  of  the  handbook's  custody: 


Name 

Title 

Compa"  / 

Address 


This  questionnaire  was  completed  by: 

Name 


Title 


Company 


